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ABSTRACT 
 
The administration of enantiopure drugs brings advantages such as improved efficacy, 
more predictable pharmacokinetics and reduced toxicity from the point of view of the 
pharmaceutical area.[1] For this reason, a tremendous amount of supply and demand for 
enantiomeric pure compounds has been shown not only in market, but industry and academia.[2-4] 
According to the industry publication Genetic Engineering and Biotechnology News (GEN) in 
2014, 22 billion dollars were accounted for enantiopure form of drugs such as Sovaldi® 
(Sofosbuvir), Crestor® (Rosuvastatin), and Advair® (fluticasone/salmeterol).  
 The fact that one enantiomer can be pharmacologically effective whereas the other 
enantiomer can be inactive or display non-desirable activity, chiral resolution and asymmetric 
synthesis research has broken out in recent years to obtain one desired stereoisomer. Enormous 
amounts of well-organized and rationalized research results for higher enantiomeric selectivity 
and efficiency has been reported with diverse chiral ligands and transition metals in academia.[5-
10] However novelty-driven results from academic area does not meet the requirement in industry 
field for the practical issue, especially tedious separation process that require high cost and effort. 
In addition, methodologies developed with privileged chiral ligands and transition metal 
complexes leave a concern like undesired residue of trace amount of toxic metals in the products. 
In this dissertation, two types of heterogeneous asymmetric catalyst were investigated to 
find the alternative that accommodates industrial requirement to obtain enantiomeric pure 
compounds and novelty-driven academic demands. Firstly, constructions of rationally designed 
 xiv 
metal organic frameworks (MOFs) using chiral BINOL-derived phosphoric acid ligands were 
achieved. Overall, catalytic reactions with ocMOFs showed lower enatioselectivity than their 
homogeneous counterparts, but one of the MOFs, ocMOF-1, was found to exhibit improved 
enantioselectivity than its homogeneous counterpart in the context of transfer hydrogenation 
reaction of benzoxazine. Lower enatioselectivity with ocMOFs was rationalized by the chiral 
environment change by the formation of frameworks in a computational study. 
In addition, self-supported heterogenization of chiral BINOL-phosphoric acid was 
achieved by the Yamamoto coupling reaction, and by using catalytically active ocPOP-1 having 
nanoscopic channels, enantioselectivity was obtained up to 48% in transfer hydrogenation of N-
PMP ketimine. Although extension of substituent groups at 3, 3’ positions was expected to bring 
enhanced steric hindrance and to influence to enantioselectivity positively, lack of spatially well-
defined interactions induced by this chiral environment change might have lowered the 
enantiomeric selectivity of the catalytic reaction using ocPOP-1 than its counterpart.  
 
  
 
CHAPTER  ONE: 
INTRODUCTION 
 
1. Overview of Heterogeneous Asymmetric Catalysis 
Demands and Interests on enantiomeric pure compounds are getting increasing over the 
years.[2-4] To fulfill demands on pharmaceutical, agrochemical or aroma chemical dealing area 
where could be more sensitive on the adverse effects from the other enantiomer that possibly has 
adverse effect, continuing efforts on this research area are performing in academic and industry 
area.[5-10] In a chiral resolution and asymmetric synthesis research field, enormous amounts of 
research results for higher selectivity and efficiency are reported and methodology with diverse 
chiral ligands and transition metals. Compared to successful achievement in academic area, 
practical applications in industrial field are less accomplished. Chiral ligands and metals that 
show good efficiency and catalytic activity in homogeneous condition or in a small scale 
catalytic reaction are not profitable for industrial process because of inefficient separation in the 
reaction or work-up process, difficulty for reusing it and undesired residue of trace amount of 
toxic metals in the product. To overcome these drawbacks from the homogeneous catalyst and to 
accommodate the application in industrial area, heterogenization of known asymmetric catalyst 
could be an answer. By the immobilization of homogeneous counterparts, recyclability and 
separation could be more practical and less costly in the industrial scale process. Immobilized 
 2 
chiral catalyst could be the form that combines advantages of homogeneous catalysts (high 
catalytic activity, high enantioselectivity, and good reproducibility) and heterogeneous catalysts 
(ease of separation, stability, reusability). 
Various immobilization strategies for chiral catalyst and general approaches such as 
using inorganic supported or polymer supported heterogeneous asymmetric catalysis are 
documented in the literature.  
In order to utilize immobilized chiral catalysts in industrial process, there are several 
criteria that must be considered. Foremost, catalytic activity and selectivity should be similar or 
superior to its homogeneous counterpart. Also, high catalytic turnover without loss of efficiency 
as well as metal leaching is expected.. To date, not many immobilized heterogeneous catalysts 
meet these expectations. Immobilized heterogeneous catalysts are inevitably faced several 
limitations to overcome.  
First of all, accessibility to or onto the catalytic active site in the heterogeneous support is 
less favorable than that of homogeneous catalysis. This lowers catalytic activity and/or 
completely inhibits its activity. Well-optimized methodologies with homogeneous catalysts with 
specific geometry complementary to a certain reaction system cannot be used for the same 
reaction condition because of distortion of the homogeneous catalyst structure and disturbance of 
geometry by interactions with the supports in heterogeneous reaction environment. A general 
approach used to overcome such limitations to adjust the linker length between the support and 
homogeneous catalyst. By modifying linker length, the catalyst can be less congested by other 
catalytic moieties, the solid surface being more exposed to the liquid phase. 
Not only is preserving catalytic activity important, but being able to reuse the 
heterogeneous catalyst without any deterioration of the catalytic site and supporting material 
 3 
during the reaction process must be considered essential, but the efficiency of the recycling 
process of heterogeneous catalyst. If the catalytic moieties or linkers are incompatibly interacting 
with their supports or solvents, this may cause leaching of the metal or ligand and consequently, 
lowers or deactivates catalytic efficiency. Chemical and thermal stability among the support 
matrix, the linkage and associated catalytic moiety during catalysis are required for this reason.  
The robust nature of the immobilized complex must also be considered. Harsh reaction 
condition such as strong acidic oxidizing and/or reducing agents can cause demetallation or 
ligand degradation of the complex. Compared to its homogeneous counterpart, steric constraints 
imposed by the supporting matrix may improve the stability of complex, but this is not consistent 
among all the heterogeneous catalytic system. Therefore stability of the complex is needed to 
examine for all the immobilized catalytic system. 
By virtue of continuous efforts to overcome all these issues in immobilized asymmetric 
catalysis, improvement of catalytic efficiency with higher enantiomeric excess than its 
homogeneous counterpart has reported.[11-13] 
2. Inorganic- Supported Heterogeneous Asymmetric Catalysis 
The most common of immobilized heterogeneous asymmetric catalyst is inorganic 
supported heterogeneous asymmetric catalysis.[11, 13-15] A known homogeneous catalyst is 
attached onto or into an insoluble inorganic material or a organic polymer by covalent bonding 
or noncovalent interactions such as adsorption, electrostatic interaction, H-bonding or 
entrapment (Fig 1.1).  
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Figure 1.1 Schematic Representations of the Strategies for Immobilizing Homogeneous Chiral 
Catalysts with Solid Supports[16] 
 
(Figure 1.1a) depicts covalently-bonded, solid-supported, heterogeneous, asymmetric 
catalysts. The homogeneous counterpart is bonded to the solid support by the specially 
functionalized ligand or support and this synthetic process makes this strategy more demanding 
over other strategies that are relatively easier to prepare compared to covalent bonding. 
Immobilization by adsorption(Fig 1.1b) is a simple method based on way of preparation. Weak 
van der Waals interaction between the solid support and catalyst can cause catalyst leaching due 
in part to the unavoidable competing solvent and substrate interactions. Electrostatic interactions 
(Figure 1.1c) can also be used for the formation of immobilized asymmetric catalysts. Anion or 
cation charged supports pair with the oppositely charged homogeneous catalyst, generating a 
relatively more stable immobilized catalyst. Supports possessing ionic character possessing 
supports make the catalyst formed versatile and diverse organic or inorganic ion- exchange resin 
and zeolites. A major drawback of such a heterogeneous catalyst would be the ionic species 
which compete to form ionic pairs is not stable or leaching in a certain solution. Catalysts 
themselves also form an unexpected heterogeneous catalyst. In another attractive method, 
entrapment(Figure 1.1d), catalyst or its complex is elaborately entrapped within the pores or 
support
Cat
support
Cat
support
Cat
Cat
a) covalent linkage                 b) adsorption            c) electrostatic interaction                     d) entrapment
support
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channel of solid matrix. Size of both catalyst complex and pore has to be considered for the 
diffusion of the substrate, so this strategy is more complicated than other strategies.    
Recent studies have shown that a suitably chosen solid supported heterogeneous catalyst 
delivers better catalytic results than its homogeneous catalyst.[13-15, 17-19] This is attributed to site-
isolation and confinement effects. Site-isolation or colocalization of the catalytic site can be 
achieved by immobilizing the catalyst in confined site to prevent the formation of inactive 
multinuclear species.[20-21] Interactions such as hydrogen bonding, van der Wasls force, 
physiadsorption  between solid support and catalyst (or substrate) also cause enhanced 
enantiomeric selectivity and this is called confinement effect. Due to the conformational 
confinement of catalyst (or substrate) to be infused or accessed into or onto the pore, a preferable 
enantiomer are selectively allowed in the catalytic environment.[13, 22-23] 
2.1 Asymmetric Reduction 
In 1985, Kinting et al. reported first successful results on heterogeneous asymmetric 
hydrogenation using inorganic support.[24] They reported stable silica bounded rhodium 
complexes formed from µ,µ'-dichlorotetra(ethylene)dirhodium and ligands of the type (EtO)3-
Si(CH2)nPMen2 (n = 1,3,5, Men = menthyl group) for the liquid phase hydrogenation, and in 
their work, heterogeneous catalyst showed better stability and enatioselectivity than its 
homogeneous counterpart, and hydrogenation of acetamidocinnamic and itaconic acids 
proceeded with high optical yields (87 and 83% ee, respectively).  
Thomas and Johnson’s research works show good examples for the positive confinement 
effect of solid supports on enantioselectivity[22-23, 25-28] in scheme 1.1. Compared to the 
homogeneous catalyst 2 that shows no enantiomeric selectivity, Pd catalyst 1 covalently 
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supported in MCM-41 pore shows 17% ee when the reaction of hydrogenation of ethyl 1,4,5,6-
tetrahydronicotinate 3 to afford nipecotic acid ethyl ester 4 was performed. Obtained ee with 
ordered mesopore MCM-41 matrix was explained by conformational confinement of active 
catalyst to the inner matrix of the pore or restricted access of substrates.[27-28] 
 
 
Scheme 1.1 Confinement Effect of Solid Supports on Enantioselectivity 
 
The Thomas group also reported[23] that covalently bounded (S)-2-aminomethyl-1-
ethylpyrrolidine (AEP) to the inner walls (concave surface) of mesoporous MCM-41. Catalytic 
reactions using heterogeneous Rh and Pd catalysts for the asymmetric hydrogenation of methyl 
benzoylformate, the Rh(COD)- and Pd(allyl)-complex of AEP anchored on MCM-41, 5 and 6, 
gave 92 and 87% ee, respectively. This enhanced ee values were explained by virtue of the 
restricted infusion of the substrates to the active site generated by the pore’s concavity based on 
the control experiment with the catalyst immobilized on the convex surface of nonporous silica 
(Cabosil). 
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Scheme 1.2 Asymmetric Hydrogenation of Methyl Benzoylformate using Rh(COD)- and 
Pd(allyl)-complex of AEP anchored on MCM-41, 5 and 6 
2.2 Asymmetric Oxidation 
By using three-dimensional cubic structure MCM-48 with chiral Mn(III) complex 7, Liu 
et al. [29] accomplished significantly enhanced ee with catalyst 8a in the epoxidation of α-
methylstyrene in CH2Cl2 with m- CPBA/NMO as oxidant (Scheme 3). Reported ee values using 
8a of epoxidation product are up to 99% ee,  and this is significantly higher than homogeneous 
condition. This outstanding result was rationalized by the nature of 3-D cubic structure of MCM-
48, that is, geometrically preferred environment and favored energy of transition state  tends to 
be more influential than homogeneous open catalyst system.  
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Scheme 1.3 Epoxidation of Methyl Styrene Using Three-dimensional Cubic Structure MCM-48 
with chiral Mn(III) Complex  
2.3 Asymmetric Carbon-Carbon and Carbon-Heteroatom Bond Formation 
Sanchez et al. [30-31]  reported in the conjugate addition of ZnEt2 to enone 12 using 
covalently bonded Ni complex of the L-proline amide 9b on USY zeolites or silica . Thanks to 
the steric constraint imposed by the zeolite pore, ee values of the resulting saturated ketones 13 
were greatly improved using zeolite supported Ni complex 10 than its homogeneous counterpart 
9a, or silica supported catalyst 11(Scheme 1.4). 
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Scheme 1.4 Conjugated Addition of ZnEt2 to the Enones Using Covalently Bonded Ni Complex 
of the L-Proline amide 9b on USY Zelites or Silica 
3. Polymer-Supported Heterogeneous Asymmetric Catalysis 
Along with the solid-immobilized heterogeneous asymmetric catalysis, polymer-
immobilized heterogeneous asymmetric catalysis[32-37] also has been regarded as a key 
technology to fulfill the increasing demand for enantiomeric pure  compounds. Due to the 
heterogeneous nature of the polymer, polymer-supported heterogeneous asymmetric catalyst has 
several advantages over homogeneous catalyst such as easy separation and recyclability. Also 
less efficient interactions between catalyst and substrates in solution leads commonly lower 
enantioselctivities and reactivities than its homogeneous condition.  
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Recently, well-designed polymer supported heterogeneous catalysts[32-37] have surpassed 
asymmetric catalytic activity over its homogeneous counterparts in various reaction with 
excellent ee.  
For the polymer supported immobilization, polystyrene based cross-linked polymers are 
widely utilized and poly(ethylene glycol) (PEG)[38-39], polyethylene fibers[40-41] and other various 
polymers are also alternately used for the supports.  
3.1 Asymmetric Alkylation of Carbonyl Compounds  
Scheme 1.5 shows typical examples of polymer-supported prolinol derivatives for the 
diethylzinc addition to benzaldehyde.[32]  The polymeric catalyst 14, that was prepared by Suzuki 
coupling reaction of chiral α,α-diaryl-prolinols and polystyrene containing phenylboronic acid 
moieties,[42-43] showed good enantioselectivity up to 90% ee in ZnEt2 addition to benzaldehyde. 
In Degni et al. group’s work, N-(4-vinylbenzyl)-α,α-diphenyl-prolinol was immobilized on 
polyethylene fibers by electron beam-induced pre-irradiation grafting and this polyethylene 
supported chiral catalyst induced moderate enantioselectivity in a ZnEt2 reaction.[40] 
Luis and coworkers prepared the monoliths 16[44-45] for the flow system chiral column 
with a chiral amino alcohol monomer 16b by polymerization of a mixture containing 40 wt% 
monomers (10mol% chiral monomer, 90 mol% divinylbenzene (DVB)) and 60 wt% toluene-1-
dodecanol as the porogenic mixture (10 wt% toluene). In a diethyl zinc addition to aldehyde, 
chiral alcohol 18 was obtained in 99% ee(Scheme 1.5).[45]  
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Scheme 1.5 Polymer-supported Prolinol derivatives for the ZnEt2 addition to Benzaldehyde 
3.2 Asymmetric Addition to Imine Derivatives  
In 2001, Itsuno and coworkers reported by the asymmetric allylboration of aldehydes and 
imines using polymer-supported chiral N-sulfonylamino alcohols and chiral N-sulfony 
norephedrine derived alcohols.[46] Not only was this reaction successful for the asymmetric 
addition to aldehydes, but also to imine, chiral catalysts anchored on polystyrene gave moderate 
to excellent ee values(Scheme 1.6). 
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Scheme 1.6 Asymmetric Allylboration of Aldehydes and Imines Using Polymer-supported 
Chiral N-sulfonylamino Alcohols and Chiral N-sulfonyl Norphedrine- derived Alcohols 
3.3 Asymmetric Synthesis of α-Amino Acid  
 In 1982, O’Donnell introduced a methodology for the synthesis of optically pure α-amino 
acids by the enantioselective alkylation of glycine Schiff base 31 under phase transfer 
catalysis(PTC) conditions, catalyzed by a quarternary cinchona alkaloid.[47-48] In Scheme 1.7, 
cinchona alkaloid derivatives are anchored on cross-linked chloromethylated polystyrene 
(Merrifield resin) for asymmetric alkylation of glycine derivatives, and α-amino acid derivatives 
32 was obtained up to 98% ee.[49]  This methodology was also applicable to 1M KOH aqueous 
solution condition[39] with water-soluble polymer support, PEG-supported cinchona ammonium 
salt 33, and even this milder condition,  obtained α-amino acid derivatives showed good ee up to 
97% ee (Scheme 1.8).  
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Scheme 1.7 Asymmetric Alkylation of Glycine Derivatives Using Cinchona Alkaloid 
Derivatives Anchored on Cross-linked Chloromethylated Polystyrene  
 
 
Scheme 1.8 Asymmetric Alkylation of Glycine Derivatives Using PEG-supported Cinchona 
Ammonium Salt 
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3.4 Asymmetric Michael Reaction  
 Asymmetric Michael addition of ketones to nitrostyrene using PEG-supported proline 33 
was reported by Zhao and coworkers.[50] In Scheme 1.9, Michael adduct 36 was obtained with 
moderate enatiomeric excess values, up to 65% ee, and greater than 98/2 (syn/anti) 
diastereoselectivites are also observed.  
 
 
Scheme 1.9 Asymmetric Michael Addition of Nitrostyrene using PEG-supported Proline 
4. Heterogenizations of Organocatalyst for Asymmetric Transformation 
 Although catalytic reactions with various kinds of asymmetric catalyst has been reported, 
very limited applications are utilized on industrial purpose.[51] Mainly, the cost of chiral catalyst 
and limited applicability have been drawbacks. Even though certain methodologies of chiral 
reaction with the asymmetric catalyst, for the usage on industrial scale, reaction conditions have 
to be more generalized for other functional group, not just for the selected model substrates. Not 
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only that, the stability of the catalyst and recyclability is also crucial consideration to be used for 
industrial purposes.  
 By virtue of the development of immobilization of asymmetric catalyst, issues that are 
faced by industrial usage are partially overcoming[52] such as recovering and recycling issues. In 
addition to this, stability of the catalyst also has to be consider for the industrial application of 
the asymmetric catalyst.  Metal leaching during the process or reaction may leave trace amount 
of toxic metal on fine chemical or pharmaceutical products, degradation of catalyst itself or 
anchored area also another stability related issue to be considered. These issues could be 
improved by the replacement of metal- based catalysts with similarly active metal free 
counterparts, organocatalyst.[53] Thanks to the advantages of organocatalyst over transition 
metal- based catalyst, such as nontoxicity, low molecular weight, low cost and aerobic or 
aqueous  reaction condition, Research of this area has reported a lot of catalytic reactions 
promoted by organocatalyts.  
 Therefore, immobilization of asymmetric organocatalyst could be one of solutions for the 
industrial applications for enantiomeric pure compounds.  
4.1 Phase-Transfer Catalysts  
 Immobilization of chiral phase transfer catalysis could be a practical way to be utilized in 
industrial environment. Relatively simple experimental operation and  mild reaction condition 
could broaden the usage of this type of catalyst in industry.[54]  
 The polymer supported cinchona ammonium salts catalysts 37 were reported by Najera’s 
group in 2000[55] inspired by O’Donnell–Corey–Lygo protocol[54] for enantioselective alkylation 
of amino acids imines catalyzed by quarternized cinchona alkaloids. Polystyrene supported 
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catalyst 37 induced 90% ee in benzylation of the benzophenone imine of glycine i-propylester 
(Scheme 1.10).  
 
Scheme 1.10 Enantioselective Alkylation of Amino Acid Imine Catalyzed by Quarternized 
Cinchona Alkaloids Anchored on Polystyrene Support 
 
 Cahard et al. reported similar type of immobilized cinchona alkaloids for asymmetric 
phase transfer catalysis in 2001.[56] Series of catalyst 41 and 42 were investigated for the 
benzylation of the tert-butyl glycinate-derived benzophenone imine, and catalyst 43 turned out as 
a best heterogeneous catalyst for this reaction condition showing 67% yield with 94% ee for the 
(S)-product (Scheme 1.11). 
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Scheme1.11 Immobilized Cinchona Alkaloids for Asymmetric Phase Transfer Catalysis for the 
Benzylation of the tert-Butyl Glycinate- derived Benzophenone Imine 
4.2 Lewis Base Catalysts  
 Along with the allylation of allyl trichlorosilane to aldehyde using chiral 
phosphoramides[57], other practical asymmetric organic reactions with this chiral catalyst[58-60] are 
known including the method reported by Denmark since 1999 and polymer supported chiral 
phosphoamides reported in 2005.[61] 
 Polystyrene supported catalyst 41a-c that has different percentage of chiral active site 
were compared with their homogeneous phosphoamides, and as a result, higher yields and 
enantioselectivies are reported.(Scheme 1.12) This superior selectivity was explained by the role 
of polymer backbone. Similar with the efficiency of bis-phosphoramides over mono-
phosphoramides in stimulating the allylation reaction by boosting close proximity of active sites 
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during transition structures,[60] polymer backbones might adjust the catalytic active site-site 
distance to be acted as bis-phosphoramides.[62] 
 
  
Scheme 1.12 Allylation Reaction Using Polymer Supported Chiral Phosphoamides 
4.3 Catalysts Derived from Amino Acids  
Successful examples of heterogenization of organocatalyst derived from proline for 
asymmetric aldol reaction are reported.[63-66](Scheme  1.13) By 47-52 mol% catalyst loading of 
modified proline immobilized on MCM-41, 43, 75% yield and 99% ee  were obtained in 
asymmetric aldol reaction between iso-butyraldehyde and hydroxyacetone.[63]  
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Scheme1.13 Heterogenization of Organocatalyst Derived from Proline for Asymmetric Aldol 
Reaction 
 
The L-proline supported ionic liquid asymmetric catalysis investigated by Noto in 2006[65] 
showcased the aldol condensation between acetone and several aldehydes. In supported ionic 
liquid catalysis system, it combines merits of ionic liquids and heterogenized support catalyst.[64] 
To demonstrate this concept, a monolayer or additional layers of covalently attached ionic liquid 
are supported on the surface of silica gel along with L-proline. Obtained yields and ee values, 
especially with  4-methylpyridinium-modified silica gel, 44, are as efficient as their 
homogeneous counterparts(71% ee using homogeneous catalyst, 70% ee using 44). In addition, 
this catalytic system was able to recycled seven times by simple filtration.  
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L-Proline/poly(diallyldimethylammonium) hexafluorophosphate heterogeneous catalytic 
system 45 for the asymmetric aldol condensation was reported by Alexandar and coworkers.[66] 
The amino acid was adsorbed on the solid support, polyelectrolyte, simply by mixing two 
solutions. This heterogeneous supported catalyst promoted the aldol reaction between acetone 
and aromatic aldehydes as comparably good as its homogeneous catalyst condition; 67% ee 
using 45, 60% ee using L-proline-DMSO,[67] 64% ee using L-proline-PEG,[68] 71% ee using L-
proline-ionic liquid (bmim)[PF6].[69] Stereoselectivity was preserved up to six times by the 
simple filtration of this heterogeneous catalyst.  
5. Self-Supported Heterogeneous Asymmetric Catalysis – Metal Organic Frameworks 
(MOFs)  
5.1 Introduction 
 Metal organic frameworks(MOFs) are a class of crystalline materials that have infinite 
network structures consisted of multitopic organic ligands and metal ion(or metal clusters) to 
form one-, two-, or three-dimensional structures that can be porous. Compared to other 
heterogeneous catalyst, MOFs do not need additional supporting substances to be immobilized. 
In the simplest example, MOFs contain of one unsaturated metal ion and one bridging organic 
ligand that  has coordination sites such as carboxylic acid group. And these components are 
combined by self-assembly. (Figure 1.2) The Robson research group reported the first three 
dimensional metal organic frameworks using 2,4,6-tri(4-pyridyl)-1,3,5-triazine bridging 
ligand,[70-74] Zaworotko,[75-76] Yaghi and O’Keeffe[77-79] have broadened this chemistry area by 
developing  design principles and applications.  
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Figure 1.2 Schematic Representation of Metal Organic Frameworks (MOFs) 
 
Versatile synthetic strategies have been reported for the assembly of these MOFs 
structures from their building blocks with the consideration of keeping their structural integrity 
during the catalytic reactions.[80-85] Each building block unit can be assembled in a modular way, 
and this feature of MOFs facilitates systematic design of the MOFs that is possessing desired 
physical and chemical properties into(or onto) the framework including chirality. These 
strategies are well documented by Kim et al.[86]  
In order to utilize MOFs for heterogeneous asymmetric catalysis, MOFs have to fulfill 
various requirements[86] such as chiral environment, stable framework, catalytic center and large 
and accessible pore.  To maximize asymmetric induction with the MOFs, the catalytic center and 
chiral induction environment have to be well located for the proper interaction with substrates or 
reagents. The role of frameworks is also crucial. First the frameworks have to possess large 
enough pores to facilitate diffusion of substrates and products. And for the shape and size 
selectivity induction, the frameworks should stable to keep the structural integrity during the 
catalytic process.  
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Scheme 1.14 Classification of MOF-Based Asymmetric Catalysts 
  
 As demonstrated in the scheme 14, catalytic site of MOFs can be engineered in many 
ways. Metal could have dual roles in the frameworks, if the node metal is still having unsaturated 
coordination site, this metal can be acted as metal node and catalytic sites.[87-88] Ligand group 
also could play dual roles, as a linker to construct the frameworks or as a catalytic site by direct 
incorporation[89-90] or post modification.[91] Chiral environment is also usually inducing by these 
organic ligand groups by using chiral ligand.  
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5.2 Catalysis by Metal Organic Frameworks (MOFs) 
5.2.1 Advantages of Metal Organic Frameworks (MOFs) as Heterogeneous Asymmetric 
Catalysis 
 The principal advantage of MOFs for heterogeneous asymmetric catalysis is their 
crystalline and porous nature. For example, modification of pore size, the diffusion of reactants 
and products can be regulated. By the virtue of crystallinity of the framework, information of the 
position, coordination and oxidation states of each atom in the framework can be elucidated. 
These two features provide insight of catalytic activity-structure relationship, and facilitate 
further idea for the framework design. Lin et al. showed the structure of an isolated titanium 
BINOLate MOFs to prove lower selectivities that were observed in the catalytic alkylation of 
aldehydes[92]  and elucidated that intermolecular cross-linking caused deformation of catalytic 
active site and chiral induction(Figure 1.3). 
Secondly, MOFs can be specifically tuned by varying on their components or synthetic 
condition. By the change of metal or organic ligand or the modification of a pre-formed MOF, 
not only pore size, but shape, dimension and chemical environment can be optimized for a 
desiring reaction. Size of reaction substrates can be less constrained by the tuning of the pore 
size, and  generated pores allow intentional modification of confinement effect that is founded in 
other heterogeneous catalyst by chance. 
An excellent strategy for tuning the pore size and property is isoreticular expansion. This 
example expands the pore size of a known structure by using an expanded ligand with larger and 
more accessible pores, but geometrically and topologically analogous to the original. The Yaghi 
group demonstrated this concept with IRMOF isorecticular series in Figure 1.4.[93] IRMOF series 
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illustrates the modification of pore sizes by using different ligand groups, which show the same 
topology as the Zn4O building block. 
 
Figure 1.3 Inter- vs Intra- Molecular Coordination of Ti(BINOLate) as Revealed by X-ray 
Diffraction 
 
 Not only can chiral MOFs be prepared via from enantiomerically pure ligands, but also 
from achiral materials seeding or chiral templating with a co-ligand spacing. Most of reported 
chiral MOFs used the first strategy, commercially available chiral molecules such as amino acids 
or nucleic acids to induce chirality in the framework.[94-96] Seeding or chiral self-resolution 
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method was discovered by Ezuhara.[97] In his work, he found out enatiopure crystal was grown in 
the condition of [5-(9-anthracenyl)]pyridine and cadmium nitrate tetrahydrate because of a 
particular handedness. Using a chiral co-ligand can suggest more direct way to  get the 
handedness of the crystal growth. Rosseinsky and his coworkers established the induced 
handedness of helices formed from nickel nitrate and benzenetricarboxylic aicd using 1,2-
propanediol.[98]  
 
 
Figure 1.4 Expanded Ligands Examples Used for Preparing Isoreticular MOFs with Increasing 
Pore Size 
 (ADC : acetylenedicarboxylate; BDC : benzenedicarboxylate; BPDC : biphenyldicarboxylate; 
TPDC : triphenyldicarboxylate) 
  
 Relatively mild synthesis condition such as solvothermal or diffusion crystallizations for 
the synthesis of chiral MOFs can be another strong point.  Harsh condition like calcination 
process at high temperature or strong acid/base condition to remove templates from zeolite can 
impair introduced chiral moieties. To date only a few chiral zeolites are reported, viz. SU-32,[99] 
 ITQ-37,[100] or the zeolite mineral goosecreekite,[101] compared to ever-increasing amounts of 
chiral MOFs. 
 Finally, rationally well-designed chiral MOFs can be utilized as a multi-functional 
catalysts for one-pot procedures that are readily welcomed for industrial environment. By 
OH
OO
HO
O
OHHO
O
OH
OO
HO OH
OO
HO
ADC                           BDC                                     BPDC                                               TPDC
e.g. IRMOF-0 e.g. IRMOF-1 e.g. IRMOF-10 e.g. IRMOF-16
 26 
performing several procedures in the reaction process with one heterogeneous asymmetric 
catalyst, cost for the energy consumption and separation process can be reduced. 
5.2.2 Disadvantages of Metal Organic Frameworks (MOFs) as Heterogeneous Asymmetric 
catalysis 
 Although some of MOFs are reported their robustness thermally and chemically,[102-104] 
most of MOFs are still bearing low thermal and chemical stability and these limits their reaction 
scopes. In the open air environment or even at the room temperature condition, some MOFs are 
underwent amorphization or phase transformation into other crystalline structures.[105-106] 
 Like other solid-supported catalyst, metal or organic ligand group can be leached into the 
reaction solvents. Metal leaching from the MOFs causes catalytic activity diminishing and 
collapse or distortion of the framework that negatively affect to size or shape selectivity. For the 
MOFs that are synthesized by the seeing or templating with a co-ligand, framework even loses 
its chirality. 
5.3 Reactions 
5.3.1 First Example of Asymmetric Catalysis 
First asymmetric synthesis using chiral MOFs is reported in 2000 by Kim and coworkers. 
Chiral environment was induced by the enantiomeric pure tartaric acid derivatives that contain 
pyridine group, and 2-Dimensional MOF structure constructed by the reaction with zinc nitrate 
hexahydrate(Figure 1.5). By the pyridine group pointing in the channel, asymmetric trans 
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esterification reaction of ethyl-2-4-dinitrobenzoate with racemic 1-phenylpropanol showed 8% 
ee.[107] 
 
Figure 1.5 Synthesis of the First Homochiral MOFs and Asymmetric Trans Esterification 
Reaction 
 
 In next year, Lin and coworkers published 2-dimensional lamellar type chiral porous 
framework assembled by phosphate-substituted diethoxy-BINOL with lantanides.[88] Best results 
of chiral catalytic reaction with this MOFs was obtained from the asymmetric ring opening 
reaction of meso-epoxides, but the ee value was 5%. They rationalized this result with the 
remotely inducted chiral environment(BINOL moieties) to the Lewis acidic catalytic 
site(Ln)(Figure 1.6). 
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Figure 1.6 2-Dimensional Lamellar Type Chiral Porous Framework and Ring Opening of 
Mesoepoxide 
 
 Based on their works, they developed the first rationally designed coordination polymer 
catalyst for heterogeneous asymmetric catalyst, BINAP-derived porous Zirconium phosphonates 
in which the chiral environment and catalytic center are spatially adjacent than their previous 
work.[108-109] The resulting amorphous material (Zr-Ru-L1) and (Zr-Ru-L2) (Scheme 1.15) 
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exhibited outstandingly high reactivity and enantioselectivity in hydrogenation of aromatic 
ketones. Ee values was obtained up to 99.2% ee with almost quantitative conversion.  
 
 
Scheme 1.15 Hydrogenation of Aromatic Ketones Using BINAP-derived Porous Zirconium 
Phosphonates 
5.3.2 Additions to Carbonyl Groups 
 The addition of a nucleophile to the carbonyl group is one of the most important 
methodology for carbon-carbon bond formation and chiral induction. Especially MOF-based 
catalyst  has good for activating carbonyl functional group because of the metal node that can be 
acted as a Lewis acid. 
 One of most common asymmetric catalysis to validate MOFs catalytic activities and 
enantioselectivites is diethylzinc addition to aldehyde or ketone groups. Lin and coworkers[110] 
reported chiral porous solids based on BINOL-derived Zr phosphonates and substantiated 
catalytic activity and enantioselectivity using the MOF-catalyzed diethylzinc addition to 
aromatic aldehydes. Dihydroxy functional groups on BINOL group coordinated to Ti(IV) to 
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generate catalytic site and ee was obtained up to 72% along with good % yield values up to 99%. 
Since this reaction was explored, Lin’s group has demonstrated other chiral MOFs’ efficacy with 
this reaction.[92, 111-112] 
 
Figure 1.7 Schematic Representation of the Acitive (BINOLate) Ti(OiPr)2 Catalytic Sites in the 
Open Channels and ZnEt2 Addition 
 
In their work in 2010,[111] they synthesized 4,4’-dipyridine substituted BINOL-based 
MOF bearing Cd node and catalytically activated it by the treatment of Ti(iOPr)4. To 
demonstrate size selectivity and the reaction site, they increased the size of aldehyde using 
dendritic aldehydes. The relationship between substrates size and ee values/conversion was 
reversely proportional, and when the size of substrate is reached to the channel diameter, no ee 
and % yield were obtained. (Figure 1.7 ) 
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 Grignards reagents can be easily prepared on both for laboratory and industrial scale at a 
low price, and in the presence of proper chiral ligands, they can be used for asymmetric 
transformation to synthesize secondary or tertiary alcohols.[113-114] 
 Wu et al. published functionalized homochiral MOFs using modified serine 
derivative.[115] Additional pyridyl group and carboxylic group are used for the coordination bond 
with a transition metal and 2-dimensional lamellar framework was prepared(Figure 1.8). Not 
only the chiral center on the serine derivative group, but second homochiral center was presented 
by the coordination between copper ion and nitrogen atom of the amino group and these 
abundant chiral environment induced high enantioselectiviy of the Grignard reaction. Because of 
thick stacked lamellar frameworks by the supermolecular interactions, 3-dimensional pore size 
was small as 5.123*2.866 Å2 van der Waals radii and asymmetric catalysis of the addition of 
cyclohexylmagnesium chloride to ketone was occurred by the amine group on the surface of the 
framework due to the pore size, but the enantioselectiviy was obtained up to 98% ee.  
Kim and Duan reported asymmetric MOFs catalyzed aldol reaction with enhanced 
enantioseletivity than homogeneous condition.[89, 116] In Kim’s work,[89] post-synthetically 
activated two chiral MOFs, CMIL-1 and CMIL-2, (Figure 1.9) were validated their catalytic 
activity via asymmetric aldol condensation between aromatic aldehydes and series of ketones. Ee 
values was obtained up to 81% and this enhanced ee values were resulted from the constrained 
movement of the substrates in the channel of the framework and presence of abundant chiral  
induction group, L-proline derivatives, in the MOF channels.  
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Figure 1.8 Schematic Representation of Synthesis of a Homochiral MOF, Perspective View of 
the Lamellar Framework and Catalyzed 1,2-addition of α,β-Unsaturated Ketones (Aldehydes) 
 
Figure 1.9 Schematic Representation of MIL-101 and Post-modification with Pyridine-derived L-
Proline Co-Ligand 
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 Duan and coworkers, using a homochiral Cd-TBT MOF having L-PYI, was able to 
demonstrate asymmetric catalysis toward the Aldol reactions.[116] The Aldol reaction was 
activated by the N-H pyrolindine group that was located to the open channel side. 
Eantioselectivity obtained by using Cd-TBT MOF was high as up to 61%, and this value was 
much higher than the asymmetric reaction with L-PYI itself. This was rationalized by the 
restricted substrates moving in the channels of the framework(Figure 1.10). 
 
Figure 1.10 Schematic Representation of Synthesis of a Homochiral Cd-TBT MOF and Aldol 
Reaction 
5.3.3 Asymmetric Epoxidation Reactions 
Catalytic asymmetric epoxidation of alkenes using transiton metal-containing complex is 
a versatile synthetic method to induce chirality into organic molecules to meet the demand of 
many natural products that contain epoxide units.[117-119] The first MOF-based catalyst for the 
asymmetric epoxidation of alkene was developed by Hupp and coworkers in 2006.[120] 2,2-
dimethyl- 2H- chromene was epoxideized in high yield and high enantioselectivity, 71%, 82% ee, 
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respectively, with homochiral Salen–Mn metal organic framework and mild oxidant 65. And this 
ee values are comparable with the value using free ligand catalyst, 88% ee (Figure 1.11). 
 
Figure 1.11 Schematic Representation of Synthesis of Homochiral Salen-Mn Metal Organic 
Framework and Asymmetric Epoxidation Reaction 
 
 Not only high catalytic relativities, But the Salen-Mn MOF catalyst, 63, showed more 
superior turnover numbers, >3000, compared to the TON about 1000 using free ligand catalyst. 
Life span of the catalyst 63 was increased by the elimination of intermolecular decomposition 
pathways, and this was occurred by restricting the motion of the incorporated catalytic units in 
the framework. 
5.3.4 Asymmetric Ring Opening Reactions 
In addition to inducing chirality from the prochiral sp2 hybridized precursor to sp3 
sterocenter by alkene oxidation, reduction, addition to carbony/imine and C-C bond formation 
via alkene or ally precursors,[121] desymmetrization of meso compound by the stereospecific 
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substitution reactions of sp3 hybridized substrates also powerful way for generating enantiopure 
compounds.[122-123]  The Asymmetric ring opening of epoxides has been explored with MOFs 
using Brønsted acidic site by Rosseinsky and coworkers.[124]  After synthesizing 2-dimensional 
framework by using the chiral ligand L-aspartate (L-asp) with copper chloride and 4,4,-bipyridine, 
they synthesized 2-dimensional framework, protonated carboxylate as a Brønsted acidic site was 
formed by the treatment of anhydrous HCl(Figure 1.12). The asymmetric ring opening of 
propylene oxide was performed with this chiral Brønsted acidic site, and the corresponding 
alcohol was obtained in 65% yield and 17% ee. This work demonstrated the possibility of 
Brønsted acidic site possessing MOF based asymmetric catalysis that is relatively rare due to the 
basic crystal growth condition. 
  
Figure 1.12 Schematic Representation of Cu(asp) 2-dimensional Framework and Asymmetric 
Ring Opening Reaction of Propylene Oxide 
 
 Lin and coworkers hypothesized that two different Lewis acidic metal ceneter in the 
MOFs, primary catalytic site and metal node, can be involved in two different reactions to obtain 
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enantioselctivity (Figure 1.13). They validated their hypothesis with the Mn-Salen MOFs with 
the ring opening reaction following epoxidation reaction.[125] Chiral epoxide was synthesized 
from achiral starting material by the catalytic aid of Mn in salen and another Lewis acid Zn 
catalyzed asymmetric ring opening reaction with trimethylsilyl azide (Figure 1.13). The ring-
opened product with two catalytic reactions showed up to 60% yield and 81% ee with only one 
pair of enantiomer 
 
Figure 1.13 Schematic Representation of Salen-based MOF and Sequential Catalysis Utilizing 
both Salen and Zinc 
6. Self-Supported Heterogeneous Asymmetric Catalysis – Porous Organic Polymers (POPs)  
6.1. Introduction 
The heterogenization of homogeneous catalysts onto polymers or porous silica supports 
has been explored and proven to be good alternates for green, safer and environmentally 
welcoming technologies in industrial applications.[126-130]  One of commonly used solid supports, 
mesoporous silicas, have been gained a great attention because of their robust porous structure 
and high surface areas.[131]  However, the strong interaction between silanol groups on the 
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support surface and catalytic complexes[132] limited their efficiency for the industrial purposes. 
When it comes to these interaction issues, polymer supports have advantages over porous silicas, 
but, because of amorphous nature of polymer, characterization and pore size have been issues for 
practical utilization, and limited diffusion and swelling phenomenon also have been addressed as 
another drawbacks. [133] Counterplans to improve these drawbacks have been investigated, such 
as development of large-pore resins,[134] low-swelling polymers[135] and mesoporous 
polymers.[136] But even with these efforts to improve their efficiency, solid supported catalysts 
are not willingly welcomed to industrial application because of the cost issue versus 
efficiency.[137] Processing step for the heterogenization of catalytic unit on the support is still 
technically demanding and causes high cost, moreover, low catalyst loading onto the support and 
following low efficiency have been debated to be fully satisfied.  
For solving these issues fundamentally, bottom-up approach has been investigated and 
recent achievement in the synthesis of covalent-organic frameworks (COFs)[138-143] and porous 
organic polymers (POPs)[144-146] is designed to meet these academic and practical desire for the 
heterogeneous catalyst. Compared to post synthetically introducing the catalytic site onto 
supports, self-supported porous organic polymer that bears catalytic site on their ligand can be 
expected to have higher catalyst loading in the polymer. In addition to high catalyst loading, 
generally high surface area is reported for these self-supported heterogeneous compounds due to 
their well ordered framework structure, so higher accessibility to the reaction center through 
better diffusion can be another benefit of these materials. Also well tailored organic ligands with 
different functional groups will suggest another potential that has not shown by solid supported 
catalyst system. Main advantage of porous organic polymer over the other heterogeneous 
catalyst is that each ligand groups are bonded via strong covalent bonds. Therefore general 
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concerns that are founded in metal-related heterogeneous catalyst system, such as degradation of 
the framework or metal leaching, are less necessarily considered for porous organic polymers.  
6.2 Reaction 
Even though porous organic polymers are one of fast growing field in chemistry, 
application for the heterogeneous asymmetric catalysis is rarely reported. In 2011, Lin et al. 
reported one set of BINAP based chiral cross-linked polymers for asymmetric catalysis.[147] 
Alkyne trimerization mediated by Co2(CO)8 was performed to obtain chiral organic polymers 69 
and 70 (Scheme 1.16),  and after the treatment of Ti(OiPr)4 with chiral dihydroxy groups in the 
polymer, asymmetric diethyl zinc addition to series of aldehydes were experimented. Nearly 
quantitative yields, up to 81% ee and at least 10 times recyclability proved that porous organic 
polymer 69 and 70 could be good candidates for the new heterogeneous asymmetric catalyst 
platform. 
 
Scheme 1.16 Asymmetric ZnEt2 Addition to Series of Aldehydes BINAP-based Chiral Cross-
linked Polymers for Asymmetric Catalysis 
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CHAPTER TWO: 
METAL ORGANIC FRAMEWORKS (MOFS) FOR HETEROGENEOUS 
ASYMMETRIC CATALYSIS 
 
1. Introduction 
 As described in Chapter One, the increase in usage of metal organic framework (MOFs) 
based asymmetric heterogeneous catalysts, accompanied with the use of small chiral organic 
molecules[107, 115, 124],or privileged organic catalytic units[89, 91, 116], are emerging in recent years. 
Attributable to the successful reports of homogeneous counterparts,[148-152]   the advantages of 
using asymmetric organocatalysis, over transition metal containing asymmetric catalysis, are 
alluring for the pharmaceutical, and other professional fields that rely on  enantiomeric pure 
products. An example would be the (enantiomerics) inertness towards moisture and air, the easy 
scale-up, the high availability accompanied with low cost, and the absence of trace amount of 
metal contamination. Therefore, heterogenization of these asymmetric organocatalysts would 
bring incontrovertible benefits to both the principles of green chemistry, and the objective of 
profitable achievement in industry.  
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1.1 Overview of Organocatalysis and Chiral BINOL-Derived Phosphoric Acid for Asymmetric 
Transformation 
The first reported use of organocatalysis was done by the scientist Leibig in 1860. Leibig 
synthesied oxamide from dicyan, using acetaldehyde as a catalyst. After Leibig, the use of 
organocatalysis, saw an one hundred and forty year incubation period that was ended by the 
pioneering works of List[153] and MacMillan[149, 154]. Modern scientists welcomed the new era of 
asymmetric catalysis succession further developed by the two scientists. 
 Organocatalysts are generally classified into four categories determined by how the 
catalyst initiates their respective catalytic cycles. The catalyitc cycles are initiated by either 
providing, or removing electrons, or protons from a substrate, or a transition state.  
 In a Lewis acid organocatalysis of organic reactions, a cation based Lewis acid such as 
carbenium,[155] silylium[156],  phosphonium,[157-158] phosphorous, or a silicon based hypervalent 
compound[159], accepts an electron pair to increase the reactivity of a substrate. A Lewis base 
catalyzed asymmetric reaction is enhanced by the action of an electron pair donor (as the 
catalyst) on an electron pair acceptor (as the substrate or reagent). 
 Well known Lewis base functional groups can be primary or secondary amines.  Secondary 
amine based organocatalysts are distinguished by forming catalytic quantities of an active 
enamine nucleophile (enamine catalysis)[160-162] , or by forming catalytic quantities of an 
activated iminium electrophile (iminium catalysis).[163-165] 
 For the Brønsted base catalysis, a catalyst is defined as being able to accept protons in the 
form of a hydrogen ion. Therefore, a Brønsted base catalyst must possess a properly strong base 
group to tune the acidity of a given substrate. For the example the asymmetric Brønsted base 
catalysts DBU(diazabicycloundecene), or TMG (tetramethylguanidine), are  highly efficient for 
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the enantioselective transformation.[166-169] 
 Asymmetric Brønsted acid catalysts are involved in the reaction cycle by activating 
substrates via hydrogen bonding or protonation. In 2004, Akiyama[170] and Terada[171] reported 
the first example of BINOL-derived phosphoric acids as new asymmetric organocatalysts 
(Figure 2.1). In their following mechanistic studies,[172-173]they found out both the acidic proton, 
and the Lewis basic site on the catalyst assists to create  the ideal chiral environment around the 
substrates (Figure 2.2). In addition, Terada[171] also found that substituent group tuning on 3, 3’ 
position on BINOL group affects to the yields and enantioselectivities of product.  
 
 
Figure 2.1 Asymmetric Catalytic Reactions Using BINOL-derived Phosphoric Acids by 
Akiyama and Terada 
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Figure 2.2 Schematic Represenation of Dual Functioning BINOL-derived Phosphoric Acid 
 
Since this pioneering work was reported, numerous enantioselective reaction 
methodologies using chiral BINOL-Derived phosphoric acid have been developed. The reactions 
early achievements are related to imine substrates, because imine subtrates were proven as a 
good substrate pair with the BINOL phosphoric acid catalytic system.[174-175] Since then, 
successful enantioselective reactions are accomplished by the aid of BINOL-derived phosphoric 
acid, such as hydrogenation,[176] hydrocyanation,[177] Aldol-type reactions,[178] Friedel-Crafts-type 
reactions,[179-180] aza-ene-type reactions,[181-182] Diels-Alder and related cycloadditions,[183-185] 
rearrangements[186] and cascade/ multi-component reactions.[187-188]  
 
2. Results and Discussion 
2.1 Homochiral BINOL-Derived Diol Ligand Design, Synthesis and ocMOFs Synthesis – Initial 
Investigations 
We began our initial investigations by designing homochiral BINOL-derived ligand, 73-
75 (Figure 2.3 and Scheme 2.1). The enantiomeric pure 1,1’-bi-2-naphthol (BINOL) was used 
for the chiral environment with a meta or para substituted phenyl carboxylate-based MOFs or 
O
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Lewis basic site
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pyridine–based MOFs. Utilizing the Suzuki coupling between (R)-3,3'-Diiodo-2, 2'-
Bis(methoxymethoxy-1, 1'-binaphthyl) and commercially available boronic ester, target ligands 
were synthesized with good yield. This was accomplished by each substituent group at the 3,3’ 
positions and following deportection and hydrolysis of ester groups. These ligands were treated 
with Cu(NO3)2 in a basic condition to grow crystals. 
 
 
Figure 2.3 Schematic Representation of Initial Investigation 
 
 
Scheme 2.1 Ligand Design of Initial Investigation 
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Figure 2.4 Schematic Representation of Ligand 73 and X-ray Structure of ocMOF-1 
Unit Cell Dimension a = 8.8507, b = 7.3119, c = 22.5112 (Å) α = γ = 90o, β = 96.3 o) 
 
 
Figure 2.5 Schematic Representatin of ligand 74 and X-ray Crystal Structure of ocMOF-2 
Unit Cell Dimension (a = 17.2205, b = 21.9985, c = 24.4835 Å, α = 83.8°, β = 78.3°, γ = 74.5°) 
As represented in Figure 2.3 to 2.5, BINOL-derived MOFs that has 3,3’- substituent 
groups were not assembled with big enough channel for the small molecule catalytic organic 
reactions. Moreover, In the X-ray crystal structure of ocMOF-2, catalytic site diol groups are 
veiled in the discrete structure. In further investigation, meta-substituted bridging ligand types 
were excluded for this reason. 
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Figure 2.6 Schematic Representation of Ligand 75 and X-ray Crystal Structure of ocMOF-3 
Unit Cell Dimension (a = b = 14.2110, c = 72.8443 (Å), α = β = 90o, γ = 120o) 
2.2 Homochiral BINOL-Derived Phosphoric Acid Ligand Design, Synthesis, ocMOFs Synthesis 
and catalytic reactions 
 Based on the initial investigation results, homochiral BINOL-derived phosphoric acid 
ligands 76 and 77 were contrived to generate organocatalytic MOFs. Compared to the ligand 73-
75, identical bridging groups that are positioned at 3,3’ on BINOL were also introduced to 6,6’ 
positions to enhance symmetrical factor in the ligand for more ordered crystal structure building 
(Scheme 2.2).  
 (R)-3, 3', 6, 6’-Tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl) was prepared[189] 
for the Suzuki coupling reaction with commercially available 4-(methoxycabonyl)phenylboronic 
acid to synthesize ligand 76, and 3,5-bis(methoxycarbonyl)phenylboronic acid was also prepared 
from dimethyl 5-iodosophthalate for ligand 80. After the Suzuki coupling and following 
deprotection, phosphorylation and hydrolysis of ester groups, homochiral ligand 76 and 77 were 
ready for the crystal growing for the ocMOFs.  
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Scheme  2.2 Ligand Design for BINOL-derived Phosphoric Acid ocMOFs 
 
 Ligand 76 was solvothermally treated with Cu(NO3)2 and In(NO3)3 in basic condition and 
ocMOF-4 and ocMOF-5 were successfully identified by the X-ray crystallography. Both 
ocMOF-4 and ocMOF-5 showed well-ordered nanoscopic channels and catalytic site –POOH 
was pointing to the channel to facilitate catalytic reactions. 
 
 
Figure 2.7 Schematic Representation of Ligand 76 and X-ray Crystal Structure of ocMOF-4 
Unit Cell Dimension (a = b = 18.7711, c = 28.6397 (Å), α = β = γ = 90o) 
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Figure  2.8 Schematic Representation of Ligand 76 and X-ray Crystal Structure of ocMOF-5 
Unit Cell Dimension (a = b = 31.1023, c = 45.205 (Å), α = β = 90o, γ = 120o) 
 ocMOF-4 and ocMOF-5 were  investigated for the heterogeneous asymmetric catalysis 
with transfer hydrogenation reaction of benzoxazine, and because of the structural similarity in 
X-ray results, ocMOF-5 was used for the reaction screening. After immersing crystals in 
anhydrous CHCl3 and methanol over 10 times to wash out mother liquors, -POOH catalytic site 
was reactivated by treating with small amount of acetic acid.  
Well-evacuated ocMOF-5 was used for the catalytic reactions (Table 2.1). Transfer 
hydrogenation reaction of benzoxazine with Hantzsch ester was not affected by metal node In3+, 
and no background reaction was occurred. In entry 3-5, reaction with ocMOF-5 was showing 
higher enantioselectivity than using ligand 1b or ester type of ligand 1c, and this was thought 
thanks to the confined chiral environment in the frameworks. A series of 3-aryl-substituted 
benzoxazines were further investigated with ocMOF-4, ocMOF-5 and two types of counterpart 
ligands, 1b and 1c, at the same reaction condition (Table 2.2). Substrates having bulkier group 
on 3- position (R) than 6-poition (R’) were tended to show higher enantioselectivities, this could  
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Table 2.1 Screening of Different Catalysts for the Transfer Hydrogenation of Benzoxazine 
 
Entry
a              Catalyst Yield (%) b ee (%) c 
1 No catalyst No rxn - 
2 In(OAc)3 No rxn - 
3 1a 78 % 31 
4 1b 94 % 11 
5 1c 96 % 10 
 
aReaction conditions: benzoxazine (1.0 equiv), Hantzsch ester (1.25 equiv.), and catalyst (5 mol 
%) in 1.5 mL solvent at rt. bYield of isolated product after column chromatography. cee 
determined by HPLC analysis using a Chiralcel OD-H column.  
 
be explained by the location of R and R’ substituent groups when it forms chiral ion pair (Figure 
2.8).[190] When R group is located narrower chiral pocket, and pi-pi interaction between R 
substituent group on benzoxazine and BINOL substituent group might be higher to induce 
chirally preferable environment. Overall, ocMOF-4 and ocMOF-5 were more advantageous for 
enantioselectivity than 1b and 1c. 
Unfortunately, ee values after recyclability test with ocMOF-5 for the transfer 
hydrogenation reaction dropped to 17% ee from 31% ee even though crystallinity was preserved.  
N
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The channel size of ocMOF-5 from the c-axis and the size of phenylbenzoxazine 77 and 
Hantzsch ester 78 were measured to confirm whether the reaction site could be in the channel. 
As shown in Figure 2.9, channel size was measure as 16.5 Å and this was big enough to 
accommodate substrates for the transfer hydrogenation reaction. Unfortunately, prediction about 
the docking between ocMOF-5 and substrates could not be done. It appeared that docking could 
be done, but parameters will have to be developed to do it properly. 
 
Figure 2.9 Perspective View of ocMOF-5 along the c-axis and Size of Benzoxazine 77 and 
Hantzsch Ester 78 
 
N
O
9.133
N
H
OO
O O
11.719
In
O
C
P
 69 
 
Figure 2.10 Schematic Explanation of Ion Pair of Substituent and ocMOFs 
 
Table 2.2 Substrate Scope of Transfer Hydrogenation of A Series of 3-Aryl-substituted 
Benzoxazines 
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a : 56 %, 62% ee      
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c:  80 % 14% ee
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a : 91 %, 30% ee      
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c:  95 % 13% ee
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 When it comes to the ligand 80, by the solvothermal of reaction of CdCl2.5H2O and 
ligand 80 in DMF, ocMOF-6 was afforded with chiral space group P212121 with a = 17.4396, b 
= 22.4040, c = 29.2728. Unfortunately, tetrahedrally connected to the Cd  ocMOF-6, 80, did not 
have accessibly big enough size of channel in the framework, and by the catalytic reaction, 
transfer hydrogenation reaction like other ocMOFs, proved that ocMOF-6 was not proper for the 
heterogeneous asymmetric catalysts.  
 
 
Figure 2.11 Schematic Representation of Ligand 80 and X-ray Crystal Structure of ocMOF-6 
Unit Cell Dimension (a = 17.4396, b = 22.4040, c = 29.2728 (Å), α = β = γ = 90o) 
 
 However, the crystal structure of ocMOF-7 that was composed of ligand 77 and 
Cu(NO3)2 suggested another rational consideration for the novel design of ocMOFs (Figure 2.9). 
Unlike ocMOF-6, one of carboxylate groups of phenyl group is bound to the Cu, and the other 
carboxylate was remained free from coordination. This phenomenon was utilized for the next 
ligand design (Scheme 2.4). 
To improve enantiomeric selectivity with ocMOFs, more elaborated structures were 
designed based on the previous experimental data. First of all, steric hindrance factor was 
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considered in ligand 87-89. As reported by Terada[171], bulky and sterically hindered groups such 
as triiopropyl phenyl, anthryl or phenanthryl groups were proved to bring advantageous 
enantioselectivity compared to less bulky groups on 3,3’ position.[191] In Table 2.1, entry 10 that 
was screened with 9-anthryl substituent groups on BINOL showed 98% ee with 90% yield.  With 
these considerations and symmetrical factor for the ordered frameworks, 9-anthryl groups were 
set on 3, 3’, 6, 6’ positions in Ligand 87-89. Not only that, to adjust channel size, anthryl group 
was inserted between phenyl group and BINOL in ligand 87 design in an isoreticular manner.  
By the inspiration of ocMOF-7, ligand 88 was designed to have similarity with ligand 87 in 
terms of steric factor and additional substituent group introduction for channel diameter 
elongation, in addition, phenyl ring was modified to have one methyl group and one carboxylate 
group. Methyl group was expected to obstruct the access of substrates to the potential Lewis acid 
site metal node.  
 
 
Figure 2.12 Schematic Representation of Ligand 80 and X-ray Crystal Structure of ocMOF-7 
Unit cell dimension (a = 13.3956, b = 13.3956, c = 33.5396 (Å), α = β = γ = 90o) 
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Scheme 2.3 Ligand Designs with Consideration of Enhanced Steric Factor 
 
For the synthesis of these ligands, required boronic acids are successfully synthesized by 
following the references,[192-194] and Suzuki coupling was performed with (R)-3, 3', 6, 6’-
tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl). For the ligand 86, coupling and following 
deprotection and phosphorylation was confirmed by spectroscopic method, but hydrolysis was 
not completed with various conditions.[195-197] For the ligand 88, presumably due to the bulk of 
boronic acids groups, tri- coupled and tetra- coupled products were obtained with approximately 
1:1 ratio even at the various optimized condition. And similar affinity arising from many 
aromatic groups and alkyl groups between tri-coupled and tetra- coupled product on the column 
chromatography hindered separation of these two compounds.  
 
Figure 2.13 Schematic Representation of Ligand 90 and X-ray Crystal Structure of ocMOF-8 
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Unit cell dimension (a = 9.1535, b = 16.5666, c = 20.9927 (Å), α = β = γ = 90o)  
 
Although ligand 88 and 90 were not succeeded for synthesis, ligand 89 was obtained with 
good yield. And with In(OAc)3 in DMA, crystal of ocMOF-8 was refined with chiral space 
group P222. From view of an axis, phosphoric acid catalytic site was well exposed to the 
channel, and nanoscopic channel was well ordered in Figure 2.11.  
Table 2.3 Substrate Scope of ocMOF-8 Catalyzed Transfer Hydrogenation Reaction of A Series 
of 3-Aryl-substituted Benzoxazines 
 
 
For the catalytic reaction with ocMOF-8, previously proven hydrogen transfer reaction 
was chosen for the reaction system (Scheme 2.3). Whereas BINOL-derived phosphoric acid that 
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has anthryl groups on 3,3’ position in homogeneous condition showed excellent ee value in 
hydrogen transfer reaction, ocMOF-8 was not effective to enhance enantioselectivity for the 
same reaction. Not only that, ligand group a in table 2.3 also showed moderate ee values even in 
homogeneous condition. With the assumption that steric hindrance is not the only factor for the 
reaction system, other factors were considered to explain lower enantioselectivity (Scheme 2.6). 
2.3 Computational Study  
 In 2002, Zhang reported Ru-catalyzed asymmetric hydrogenation of enol acetate is 
dependent on dihedral angles of chiral diphosphines ligands.[198] With the Ligand C1 and C2, 
highest ee values were obtained at the same reaction condition, this result inspired to our 
research to think about dihedral angle change between ligand group and metal organic 
frameworks. 
Table 2.4 Ligand Screening for Ru-catalyzed Hydrogenation of Enol Acetate 
 
Entry Ligand Dihedral angle (degree) ee(%) 
1 C1 60 95.9 
2 C2 74 95.9 
3 C3 77 92.1 
4 C4 88 88.9 
5 C5 94 91.9 
6 C6 106 92.3 
  
OAc
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EtOH, H2(3 atm), rt, 12h
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*
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PPh2
O
O
(CH2)n n = 1-6
(S)-Cn-TunaPhosS
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 List and coworkers reported spiroacetalizaiton reaction with confined Brønsted acids that 
extreme steric demand is imposed.[199] The enzyme-like chiral pocket environment enhanced er 
up to 98:2 by the close chiral environment for the small oxocarbenium ion intermediate whereas 
29.5: 70.5 was the best er when the reaction was performed with the TRIP catalyst that has open 
active site (Figure 2.12).  
 
 
Figure 2.14 Crystal Structure of the Anion 106 and Schematic Representation of Catalytic Site 
 
 Based on the literature research results, we speculated chiral environment difference 
between 3,3’-9-anthryl BINOL phosphoric acid and ocMOF-8. Inevitably required 4-(9-
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anthracenyl) methyl benzoate group on 6,6’ for the ligand symmetry could impose repulsion 
among substituent groups and coordination bonding between ligand and metal also possibly 
cause deformation of the chiral environment (Figure 2.13). On the basis of this hypothesis, 
dihedral angles and angles of SCS’ were calculated after energy minimization using Avogadro 
software and from the crystal data.  
 
 
Figure 2.15 Additional Requirements to Utilize MOFs as Asymmetric Heterogeneous Catalyst 
 
 Due to the absence of X-ray crystal structure of counterpart of ocMOF-8, structures were 
generated by Avogadro software and energy minimization was performed to get structural 
information. To pick a proper force field, X-ray structure of TRIP-BINOL phosphoric acid 
catalyst was used for the comparison. Dihedral angle and Angle SCS’ value from the X-ray 
crystal structure of TRIP catalyst were well corresponding with angle values at force field GAFF 
(Table 2.5).  
Based on the highest ee value obtained from the experiment, it can be concluded that 9-
anthryl substituted catalysts have ideal chiral environment for the transfer hydrogenation reaction 
of benzoxazine.  As shown in Table 2.6, dihedral angle and angle SCS’ values between 3,3’ 9-
anthryl substituted catalyst and ocMOF-8 show a big difference.   
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Table 2.5 Force Field Optimization with TRIP-BINOL-derived Phosphoric Acid Catalyst 
 
 
Because these two catalysts have same sterically hindered group at 3, 3’ positions, enantio 
selectivity difference could be originated from deformation of structure during crystal 
construction proved by the angle measurements. 
 
Table 2.6 Dihedral Angle and Angle SCS' of ocMOF-8 and Its Counterparts 
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3. Conclusion/ Research Summary 
Rational design for the new asymmetric heterogeneous catalyst tried by the modification 
of chiral organic ligand, and catalytically active chiral MOFs having nanoscopic channels with 
homochiral tetra-, octacarboxylate ligands and more stetrically hindered group, anthracene, were 
constructed in an isorecticular manner.  
One of the MOFs, ocMOF-1, was found to exhibit improved enantioselective 
organocatalysis (as high as 84% ee) over the parent ligand in the context of transfer 
hydrogenation of a series of benzoxazines. 
Comparison of angle change proved chiral environment change in ocMOFs provided 
scientific insight/inspiration for future heterogeneous chiral catalyst candidates.  
For the heterogenization of well-known efficient homogeneous asymmetric catalysts, 
preservation of chiral environment after the framework formation is crucial. To achieve this, 
unsymmetrical ligand design needs to be attempted to see how bulky group on 6, 6’ position 
affect to the chiral environment change in further investigation.  
In addition, chiral separation with ocMOFs might be another good application when 
channel size and racemic molecule size are considered rationally. This application might be 
investigated rationally if parameters for the docking between ocMOFs and substrates are 
developed properly. 
4. Experimental Section 
4.1 General Considerations 
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1H-NMR: 1H-NMR spectra were recorded with 400 Bruker at 250 MHz and 400 MHz. 
Varian Inova 400 at 400 MHz also used. The solvents are indicated for the respective substances. 
The chemical shifts are reported as dimensionless δ values in ppm, given relative to internal 
solvent peak. In parentheses, the number of protons determined by electronic integration, the 
signal multiplicity and coupling constants J are in Hz. Multiplicities are indicated by s (singlet), 
d (doublet), t (triplet), q (quartet), and m (multiplet). 
13C-NMR: 13C-NMR spectra were recorded on Varian Inova 400 at 400 MHz. The 
solvents are indicated for the respective substances. The chemical shifts are reported as 
dimensionless δ values in ppm. 1H and 13C chemical shifts are reported in ppm downfield from 
tetramethylsilane (TMS). 
Thin layer chromatography (TLC) was performed on Merck TLC plates (silica gel 60 
F254). Flash column chromatography was performed with ICN silica gel (230-400 mesh) or 
Merck silica gel (230-400 mesh). 
High resolution mass spectrometry (HRMS) spectra, Agilent 1100 series was used in the 
ESI-TOF mode with electrospray ionization.   
All catalytic reactions were carried out in flame-dried screw-cap test tubes and run under 
a dry argon atmosphere with magnetic stirring. 
Solvents were distilled prior to use dried. Chloroform was dried over CaH2. All other 
commercially available materials were used without further purification. 
For the computational study, Avogadro was used for energy minimization. 
Thermogravimetric analysis (TGA) was performed under nitrogen on a TA Instrument 
TGA 2950 Hi-Res from 30°C-700°C at the speed of 10°C/min.  
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X-ray powder diffraction (XPRD) data were recorded on a Bruker D8 Advance X-ray 
diffractometer at 20 kV, 5 mA for CukR (λ = 1.5418 Å), with a scan speed of 0.5 s/step (6°/min) 
and a step size of 0.05° in 2θ at room temperature.  
The simulated XPRD patterns were produced using Powder Cell for Windows Version 
2.4 (programmed by W. Kraus and G. Nolze, BAM Berlin, 2000). 
 Structures for the angle calculation were created with the Avogadro molecular editor.[200]  
4.2 Experimental Procedures 
4.2.1 General Procedure for the Preparation of Ligands 73 to 75 
 For the synthesis of ligand 73 to 75, (R)-3,3'-diiodo-2,2'-bis(methoxymethoxy)-1,1'-
binaphthalene was prepared by following literature procedure[201]. 1 equivalent of (R)-3,3'-
diiodo-2,2'-bis(methoxymethoxy)-1,1'-binaphthalene and arylboronic acid (3 equiv) were mixed 
in 1:1 ratio DME and H2O in a round bottomed flask at the room temperature and degased with 
dry argon for 20 mins. To a degased solution, Na2CO3 (5 equiv.) and Pd(PPh3)4 (10 mole %) was 
added and refluxed overnight. After cooling the reaction mixture to room temperature, solution 
was filtered through a celite. The solution was extracted with dichloromethane and washed with 
NH4Cl and brine. After drying the organic layer with Na2SO4, organic layer was concentrated 
and purified on a silica gel column with hexane and ethyl acetate in a gradual manner to adjust 
the polarity. After obtaining coupling compounds, 12M HCl in methanol and dichloromethane 
1:1 mixture was treated for the deprotection of MOM protecting groups, and after following 
extraction with dichloromethane, crude compounds were obtained by the concentration of 
organic layer. For the ligand 73 and 74, additional hydrolysis was performed with LiOH in THF 
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and H2O 1:1 ration solution. Crude compounds were washed with dichloromethane and methanol 
and dried under high vacuum. 
 
(R)-4,4'-(2,2'-dihydroxy-[1,1'-binaphthalene]-3,3'-diyl)dibenzoic acid 
 
 
1H NMR (250 MHz, DMSO-d6, TMS, δ ppm): 8.50 (s, 1H), 8.15 (d, 2H), 7.99 (d, 1H), 7.85 (d, 
2H), 7.25 (m, 2H), 6.90 (d, 1H) 13C NMR (63 MHz, DMSO-d6, TMS, δ ppm): 167.33, 151.25, 
143.45, 133.79, 130.75, 130.29, 129.77, 129.12, 129.01, 128.54, 128.35, 126.56, 123.96, 123.10, 
114.90 
 
(R)-3,3'-(2,2'-dihydroxy-[1,1'-binaphthalene]-3,3'-diyl)dibenzoic acid 
 
 
 
1H NMR (250 MHz, DMSO-d6, TMS, δ ppm): 8.35 (s, 1H), 8.00 (m, 4H), 8.60 (t, 1H), 7.25 (m, 
2H), 6.85 (d, 1H) 13C NMR (63 MHz, DMSO-d6, TMS, δ ppm): 168.15, 152.00, 139.82, 134.50, 
134.38, 131.49, 131.31, 130.75, 129.27, 128.95, 128.51, 127.02, 124.64, 123.68, 115.54 
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(R)-3,3'-di(pyridin-4-yl)-[1,1'-binaphthalene]-2,2'-diol 
 
 
1H NMR (250 MHz, DMSO-d6, TMS, δ ppm): 8.85 (s, 2H), 8.10 (s, 1H), 8.00 (d, 1H), 7.70 (s, 
2H), 7.25 (m, 2H), 6.85 (d, 1H)  
 
4.2.2 General Procedures for the Preparation of Ligands 76 and 80 
 (R)-3, 3', 6, 6’-Tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl) was prepared[189] 
for the Suzuki coupling reaction with commercially available 4-(methoxycabonyl)phenylboronic 
acid to synthesize ligand 76, and 3,5-bis(methoxycarbonyl)phenylboronic acid was also prepared 
from Dimethyl 5-iodosophthalate for ligand 80. In a flame dried pressure tube, (R)-3, 3', 6, 6’-
Tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl) and corresponding 6 equivalents of aryl 
boronic acid in dioxane were added and degased with dry argon for 20 minutes. After adding 20 
mole % of Pd(PPh3)4 and 6 equivalents of CsF, mixture was heated and stirred at 80 oC for 3 
days. Reaction mixture was cooled to room temperature and filtered through celite, and extracted 
with dichloromethane. Organic layer was washed with NH4Cl and brine and concentrated by 
rotaevaporator. Obtained crude compound was purified by column with hexane and ethyl acetate 
in a gradual manner and deprotection, phosphorylation and hydrolysis steps were performed 
followed by the literature.[201] 
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4,4',4'',4'''-((4R)-4-hydroxy-4-oxidodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine-2,6,9,14-
tetrayl)tetrabenzoic acid 
 
 
 
1H NMR (400 MHz, DMSO-d6, TMS, δ ppm): 8.60 (s, 2H), 8.35 (s, 2H), 8.85–7.85 (m, 16H), 
7.80 (d, J = 8.8 Hz, 2H), 7.30 (d, J = 8.8 Hz, 2H) 31P NMR (400 MHz, DMSO-d6, TMS, δ ppm): 
2.394 MALDI/TOF (m/z): found: 828.327, calcd.: 828.71 
 
5,5',5'',5'''-((4R)-4-hydroxy-4-oxidodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine-2,6,9,14-
tetrayl)tetraisophthalic acid 
 
 
1H NMR (400 MHz, DMSO-d6, TMS, δ ppm): 8.71 (s, 2H), 8.62 (s, 2H), 8.51 (s, 2H), 8.29 (s, 
1H), 8.17 (s, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.55 (d, J = 9.2 Hz, 1H), 4.00 (s, 6H), 3.85 (s, 6H) 
13C NMR: 223.82, 219.39, 166.22, 166.16, 141.12, 138.74, 138.70, 135.34, 132.30, 131.33, 
130.49, 129.57, 127.91, 126.69,126.30, 125.82, 52.48, 52.29, MALDI/TOF (m/z): found: 
1027.55 [M+Na], calcd.: 1004.75 
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4.2.3 Synthesis of ocMOF-5 and ocMOF-6 
Synthesis of ocMOF-5 
A mixture of ligand 76 (0.05 g), In(NO3)3·4.5H2O (0.06 g), and 1.5 mL mixture solvent 
(DMF:EtOH = 2:1) was sealed in a Pyrex tube under vacuum and heated to 100 °C for 24 hours, 
and then 130 °C for 72h. The resulting pale yellow block crystals were washed with DMF to 
give pure ocMOF-5.  
 
Synthesis of ocMOF-6 
A mixture of ligand 80 (0.02 g), CdCl2·2.5H2O (0.05 g), and 1.5 mL DMF with 3 drop of 3M 
HCl was sealed in a Pyrex tube under vacuum and heated to 120 °C for 72 hours. The resulting 
pale yellow leaf-like crystals were washed with DMF to give pure ocMOF-6.  
 
X-ray Structure Determination 
The X-ray diffraction data for ocMOF-5 were collected using synchrotron radiation, λ = 
0.41328 Å, at Advanced Photon Source, Argonne National Lab, Chicago Il. Indexing was 
performed using APEX2[202] (Difference Vectors method). Data integration and reduction were 
performed using SaintPlus 6.01.[203] Absorption correction was performed by multi-scan method 
implemented in SADABS[204]. Space groups were determined using XPREP implemented in 
APEX2[202]. The structure was solved using SHELXS-97 (direct methods) and refined using 
SHELXL-97 (full-matrix least-squares on F2) contained in APEX2[202] and WinGX v1.70.01[205-
208] programs packages. All non-H atoms were found in the difference Fourier map and due to 
the disorder were refined using the distance restraints. Restraints were also used to refine the 
anisotropic displacement parameters of some of disordered carbon atoms. Hydrogen atoms were 
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placed in geometrically calculated positions and included in the refinement process using riding 
model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). The contribution of heavily 
disordered solvent molecules was treated as diffuse using Squeeze procedure implemented in 
Platon program.[209-210] Crystal data and refinement conditions are shown in Table S1.  
The X-ray diffraction data for ocMOF-6 were collected using Bruker-AXS SMART-
APEXII CCD diffractometer using CuKα (λ = 1.54178 Å). Indexing was performed using 
APEX2[202] (Difference Vectors method). Data integration and reduction were performed using 
SaintPlus 6.01[203]. Absorption correction was performed by multi-scan method implemented in 
SADABS.[204] Space groups were determined using XPREP implemented in APEX2[202]. The 
structure was solved using SHELXS-97 (direct methods) and refined using SHELXL-97 (full-
matrix least-squares on F2) contained in APEX2[202] and WinGX. All non-H atoms were found in 
the difference Fourier map and refined anisotropically. Hydrogen atoms were placed in 
geometrically calculated positions and included in the refinement process using riding model 
with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). The contribution of disordered DEF 
molecules was treated as diffuse using Squeeze procedure implemented in Platon program.[209-
210] Crystal data and refinement conditions are shown in Table S2.  
 
Gas Adsorption Experiments 
Gas adsorption isotherms of ocMOF-5 and ocMOF-6 were collected using the surface 
area analyzer ASAP-2020. Before the measurements, the freshly prepared samples were soaked 
with ethanol, and ocMOF-5 were degassed at 60 °C for 24h under vacuum, while ocMOF-6 
were activated using the supercritical CO2 in a Tousmimis Samdri PVT-3D critical point dryer. 
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N2 gas adsorption isotherms were measured at 77 K using a liquid N2 bath, and CO2 gas 
adsorption isotherms were measured at 273 K using ice-water bath respectively. 
 
4.2.4 General Procedure for the Preparation of Ligands 93, 98 and 102 
Synthesis of methyl 10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene-9-carboxylate 
(93): 
 
 
9-Bromo-anthracenecarboxylic acid (92) was prepared by following reference 
procedure.[211] A solution of 9-Bromo-anthracenecarboxylic acid (92) (1equiv.), KOAc (6 equiv.), 
bis(pinacolato)diboron (6 equiv.) and dioxane was well mixed and degased for 20 mins at the 
room temperature. After adding Pd(PPh3)2Cl2 in the mixture, reaction mixture was refluxed for 
overnight. After cooling to room temperature, mixture was filtered through celite. Organic layer 
was collected by the extraction with dichloromethane and washed with NH4Cl and brine, and 
dried with Na2SO4. Flash column chromatography with hexane and ethyl acetate was performed 
to purify the product in a gradual manner.  
Compound 92; 1H NMR (400 MHz, CDCl3, TMS, δ ppm): 8.54 (t, 2H), 7.98 (t, 2H), 
7.57(overlap, 4H), 4.17(s, 3H). ESI-MS (m/z): Calcd: 362.17; Found: 363.10. 
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Synthesis of methyl 3-methyl-5-(10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) anthracen-9-
yl)benzoate (98): 
 
Methyl 3-(10-bromoanthracen-9-yl)-5-methylbenzoate (97) was prepared by the known 
procedures.[193, 212] Methyl 3-(10-bromoanthracen-9-yl)-5-methylbenzoate (97) (1 equi.), KOAc 
(6 equi.), bis(pinacolato)diboron (6 equi.) and dioxane was well mixed and degased for 20 mins 
at the room temperature. After adding Pd(PPh3)2Cl2 in the mixture, reaction mixture was 
refluxed for overnight. After cooling to room temperature, mixture was filtered through celite. 
Organic layer was collected by the extraction with dichloromethane and washed with NH4Cl and 
brine, and dried with Na2SO4. Flash column chromatography with hexane and ethyl acetate was 
performed to purify the product in a gradual manner.  
1H NMR (400 MHz, CDCl3, TMS, δ ppm): 8.45 (d, 2H), 7.28 (s, 1H), 7.49 (s, 1H), 7.34 (m, 4H), 
7.30 (m, 3H), 3.92 (s, 3H), 2.55 (s, 3H), 1.62 (s, 12H) 13C NMR: 167.25, 139.36, 138.38, 136.29, 
135.30, 130.30, 129.58, 129.26, 128.45, 127.07, 125.42, 125.02, 84.50, 52.11, 25.21, 21.33 ESI-
MS (m/z): Calcd: 452.22; Found: 452.9. 
 
Synthesis of methyl 4-(10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracen-9-yl)benzoate 
(102): 
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 Compound 99 was synthesized by following reference procedure.[213] To a stirred 
solution of anthracene 89 (5g, 28 mmol) and 49 % aq. solution hydrobromic acid (4.8 mL, 28.7 
mmol) in methanol 50 mL, 30% aq. solution hydrogen peroxide (45mL, 56 mmol) was added 
slowly in the ice bath and the reaction mixture was stirred at the room temperature monitoring by 
TLC. The solvent was removed under reduced pressure, and the crude compound was purified by 
flash column chromatography using hexane and ethyl acetate in a gradual manner. (6.4 g, 89 %) 
Compound 100 was prepared by following general procedure for the Suzuki coupling, and 
obtained with 94 % yield. By the following bromination with 2 equivalents bromine to the 
compound 100, compound 101 was obtained with 98 % yield after flash chromatography 
column. Methyl 4-(10-bromoanthracen-9-yl)benzoate (101) (3g, 7.7 mmol),  KOAc (4.5 g, 46.2 
mmol), bis(pinacolato)diboron (11. 7g, 46.2 mmol) and dioxane was well mixed and degased 
with Ar for 20 mins at the room temperature. After adding Pd(PPh3)2Cl2 (0.54 g, 0.77 mmol) in 
the mixture, reaction mixture was refluxed for overnight. After cooling to room temperature, 
mixture was filtered through celite. Organic layer was collected by the extraction with 
dichloromethane and washed with NH4Cl and brine, and dried with Na2SO4. Flash column 
chromatography with hexane and ethyl acetate was performed to purify the product in a gradual 
manner (3.4 g, 87 %).  
Compound 100: 1H NMR (400 MHz, CDCl3, TMS, δ ppm): 8.51 (s, 1H), 8.27(d, J = 8 Hz, 2H), 
8.04 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.46 (t, 2H), 7.39 (t, 
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2H), 4.0 (s, 3H) 13C NMR(100 MHz, CDCl3, δ ppm): 167.07, 144.97, 135.63, 131.42, 131.25, 
129.82, 129.64, 129.39, 128.42, 128.07, 127.09, 126.30, 125.67, 125.17, 123.66, 123.17, 52.23 
ESI-MS (m/z) calcd for C22H16O2: 312.3, Found: 312.7 
 
Compound 101: 1H NMR (400 MHz, CDCl3, TMS, δ ppm): 8.61 (d, J = 8.4 Hz, 2H), 8.25 (d, J = 
8.4 Hz, 2H), 7.55-7.60 (m, 4H), 7.48 (d, J = 8.4 Hz, 2H), 7.37 (t, 2H), 4.0 (s, 3H), 1.56 (s, 12H) 
13C NMR: 166.93, 143.49, 136.35, 131.30, 130.59, 130.14, 129.70, 129.68, 127.96, 126.85, 
125.88, 123.32, 52.29 ESI-MS (m/z) calcd for C22H15BrO2: 391.26, Found:  
 
Compound 102: 1H NMR (400 MHz, CDCl3, TMS, δ ppm): 8.42 (d, J = 8.8 Hz, 2H), 8.35 (d, J = 
8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 7.47 (t, 4H), 7.30 (t, 2H), 4.00 (s, 3H) 13C NMR: 167.07, 
144.32, 138.11, 135.23, 131.28, 129.60, 129.37, 129.29, 128.48, 126.86, 125.48, 125.16, 84.54, 
52.21, 25.20 ESI-MS (m/z) calcd for C28H27BO4: 438.2, Found: 439.2. 
 
Synthesis of ligand 105 for ocMOF-8 
 
 
 
(R)-3, 3', 6, 6’-Tetraiodo-2, 2'-bis(methoxymethoxy-1, 1'-binaphthyl) was prepared[189] 
for the Suzuki coupling reaction with methyl 4-(10-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)anthracen-9-yl)benzoate (102) to synthesize ligand 106. In a flame dried pressure tube, (R)-3, 
3', 6, 6’-Tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl) (1 g, 1.14 mmole) and 6 
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equivalents of 102 (3 g, 6.83 mmole) in DME were added and degased with dry argon for 20 
minutes. After adding 10 mole % of Pd(PPh3)4 ( 132 mg, 0.114 mmole) and 6 equivalents of CsF 
(1.04 g, 6.83 mmole), and the mixture was heated and stirred at 80 oC for 3 days. Reaction 
mixture was cooled to room temperature and filtered through celite, and extracted with 
dichloromethane. Organic layer was washed with NH4Cl and brine and concentrated by 
rotaevaporator. Obtained crude compound was purified by column with hexane and ethyl acetate 
in a gradual manner (1.34 g, 73% yield). Deprotection, phosphorylation and hydrolysis steps 
were performed followed by the literature.[201] Due to the complexity of aromatic region on 1H 
NMR, characterization was done by comparing the integration of carboxylate group and 
methoxymethyl group. 
MALDI/TOF (m/z) calcd for C104H61O12P: 1533.59, Found: 1532.31. 
 
Synthesis of ocMOF-8 
A mixture of ligand (5.0mg) In(NO3)·xH2O(10.0mg), 10uL Trifluoroacetic acid and 1mL 
mixture solvent(DMF:H2O = 9:1) was sealed in a Pyrex tube under vacuum and heated to 100 °C 
for 24 hours. The resulting pale yellow block crystals were washed with DMF to afford ocMOF-
8. 
X-ray Structure Determinations 
The X-ray diffraction data for ocMOF-8 were measured on a Bruker D8 Venture PHOTON 100 
CMOS system equipped with a Cu Kα INCOATEC Imus micro-focus source (λ = 1.54178 Å). 
Indexing was performed using APEX2[214] (Difference Vectors method). Data integration and 
reduction were performed using SaintPlus 6.01.[215] Absorption correction was performed by 
multi-scan method implemented in SADABS.[202] Space groups were determined using XPREP 
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implemented in APEX2.[214] The structure was solved using SHELXS-97 (direct methods) and 
refined using SHELXL-2013 [205] (full-matrix least-squares on F2) contained in APEX2[204, 215] 
WinGX v1.70.01[205-208] and OLEX2[206, 216]. The ligand is disordered over two positions around 
the 2-fold axis and has been refined using PART -1 and restraints/constraints. Additionally the 
presence of large voids filled with disordered solvent molecules and possible counterions, minor 
twinning and overall quality of crystal lead to lower data quality especially in high angle data 
region. Almost all non-hydrogen atoms were refined anisotropically (exceptions are pairs of 
atoms positioned very close in space) and with SIMU/DELU restraints. Hydrogen atoms of –CH 
groups were placed in geometrically calculated positions and included in the refinement process 
using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). The contribution 
of heavily disordered solvent molecules was treated as diffuse using Squeeze procedure 
implemented in Platon program.[209-210] Crystal data and refinement conditions are shown in 
Table 1.  
 
Gas Adsorption Experiments 
Gas adsorption isotherms of ocMOF-8 were collected using a surface area analyzer 
(ASAP-2020). Before the measurements, freshly prepared ocMOF-8 samples were soaked with 
ethanol and then were activated using supercritical CO2 in a Tousmimis Samdri PVT-3D critical 
point dryer. CO2gas adsorption isotherms were measured at 195K by using a dry ice-acetone 
bath. CO2 and CH4gas adsorption isotherms were measured at 273 K and 298K using ice-water 
bath. 
To assess the permanent porosity of ocMOF-8, a CO2 adsorption isotherm at 195 K was 
measured for the activated sample, which reveals an uptake capacity of ca. 209 cm3/g at the 
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saturation pressure with typical type I adsorption behaviour(Fig. 1), as expected for  microporous 
materials. Derived from the CO2 adsorption data, ocMOF-8 possesses a Langmuir surface area 
of 605 m2/g (P/P0 = 0.9). The CO2 uptake capacity of ocMOF-8 at 273K and 298K are 59cm3/g 
and40 cm3/g respectively, whereas the CH4 uptake capacity of ocMOF-8 at 273K and 298K are 
17cm3/g and 13 cm3/g respectively(Fig. 2).   The isosteric heats of adsorption (Qst) for CO2 were 
calculated based on the CO2 gas adsorption isotherms at 273 K and 298 K using the virial 
method. As shown in Fig. 3, ocMOF-8 exhibits a Qst of 23 kJ/mol at zero loadings, followed by 
drop-off to 18 kJ/mol at high loading.  
 
4.2.5 General Procedure for the Transfer Hydrogenation of 3-Phenyl-2H-1, 4- benzoxazine 
 Corresponding 3-phenyl-2H-1, 4 benzoxazine (1 equiv.), Hantzsch ester (1.25 equiv.), 
phosphoric acid catalyst (0.05 equiv.) and 1.5 mL dried chloroform were added in a flame dried 
screw-cap reaction tube and run under dry argon with magnetic stirring for 3 days, and without 
further quenching procedure of the reaction, reaction mixture was concentrated and purified by 
column chromatography with hexane and ethyl acetate in a gradual manner.  
 
3-phenyl-3,4-dihydro-2H-1,4-benzoxazine 
 
O
H
N
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Colorless oil; HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 80/20, 0.6mL/min), tR (major) 
= 15.52 min, tR (minor) = 21.60 min. 1H NMR  (400 MHz, CDCl3) δ = 7.36-7.42 (m, 5H), 6.82-
6.90 (m, 2H), 6.67-6.75 (m, 2H), 4.50 (dd, J=2.8, 8.4 Hz,1H), 4.30 (dd, J=2.8, 10.6 Hz, 1H), 
3.99-4.03 ppm (m, 2H); 13C NMR(100 MHz, CDCl3) : δ = 143.5, 139.2, 133.9, 128.8, 128.3, 
127.2, 121.5, 118.9, 116.6, 115.4, 71.0, 54.2 
 
3-(4-bromophenyl)-3,4-dihydro-2H-1,4-benzoxazine 
 
Pale yellow oil; HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 80/20, 0.6mL/min), tR 
(major) = 18.89 min, tR (minor) = 35.29 min. 1H NMR  (400 MHz, CDCl3) δ = 7.50 (d, J = 6.6 
Hz, 2H), 7.27 (d, J = 6.4 Hz, 2H), 6.79-6.85 (m, 2H), 6.66-6.72 (m, 2H), 4.47 (dd, J=2.8, 8.2 
Hz,1H), 4.24 (dd, J=2.8, 10.6 Hz, 1H), 3.92-3.97 ppm (m, 2H); 13C NMR(100 MHz, CDCl3) : δ 
= 143.5, 138.2, 133.5, 131.9, 128.8, 122.2, 121.6, 119.1, 116.6, 115.4, 70.6, 53.6 
 
3-phenyl-6-bromo-3,4-dihydro-2H-1,4-benzoxazine 
 
Pale yellow oil; HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 80/20, 0.6mL/min), tR 
(major) = 16.63 min, tR (minor) = 19.31 min. 1H NMR  (400 MHz, CDCl3) δ=7.41-7.32 (m, 
5H), 6.68-6.78 (m, 3H), 6.67-6.57 (m, 2H), 4.47 (dd, J=3.2, 8.4 Hz,1H), 4.26 (dd, J=3.2, 10.4 
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Hz, 1H), 4.05(s, 1H), 3.94 ppm (t, J = 9.6 Hz, 1H) ; 13C NMR(100 MHz, CDCl3) : δ = 142.5, 
138.6, 135.2, 128.9, 128.5, 127.1, 121.3, 117.9, 117.5, 113.4, 70.7, 53.9 
 
3-(2-naphthalenyl)-3,4-dihydro-2H-1,4-benzoxazine 
 
Pale yellow oil; HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 80/20, 0.6mL/min), tR 
(major) = 25.11 min, tR (minor) = 48.04 min. 1H NMR  (400 MHz, CDCl3) δ = 7.85-7.89 (m, 
4H), 7.49-7.53 (m, 3H), 6.84-6.92(m, 2H) , 6.71-6.77(m, 2H), 4.65 (dd, J=2.8, 8.6 Hz,1H), 4.36 
(dd, J=2.8, 10.6 Hz, 1H), 4.07- 4.11ppm (m, 2H); 13C NMR(100 MHz, CDCl3) : δ = 143.6, 
136.5, 133.9, 133.4, 133.3, 128.6, 127.9, 127.7, 126.4, 126.2, 126.2, 125.0, 121.6, 119.0, 116.7, 
115.5, 71.0, 54.3 
 
3-(4-bromophenyl)-6-bromo-3,4-dihydro-2H-1,4-benzoxazine 
 
Colorless oil; HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 80/20, 0.6mL/min), tR (major) 
= 17.65 min, tR (major) = 27.08 min. 1H NMR  (400 MHz, CDCl3) δ = 7.50 (d, J = 8.4 Hz, 2H), 
7.23 (d, J = 8.4 Hz, 2H), 6.78-6.68 (m, 3H), 4.45 (dd, J = 3.2, 8.2 Hz,1H), 4.22 (dd, J = 3.2, 10.8 
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Hz, 1H), 4.04(s, 1H), 3.90 ppm (t, J = 9.6 Hz, 1H); 13C NMR(100 MHz, CDCl3) : δ = 142.5, 
137.7, 134.9, 132.0, 128.7, 122.4, 121.6, 118.0, 117.7, 113.5, 70.4, 53.4 
 
3-(2-naphthalenyl)-6-bromo-3,4-dihydro-2H-1,4-benzoxazine 
 
Pale yellow oil; HPLC analysis: Chiralcel OD-H (hexane/iPrOH = 80/20, 0.6mL/min), tR 
(major) = 34.45 min, tR (minor) = 49.89 min. 1H NMR  (400 MHz, CDCl3) δ = 7.87-7.82 (m, 
4H), 7.51-7.44 (m, 3H), 6.83-6.71(m, 3H), 4.65 (dd, J=3.2, 8.4 Hz,1H), 4.33 (dd, J= 3.2, 10.8 
Hz, 1H), 4.16(s, 1H), 4.03ppm (t, J = 9.6 Hz, 1H); 13C NMR(100 MHz, CDCl3) : δ = 142.6, 
135.9, 135.2, 133.3, 128.7, 127.9, 127.7, 126.5, 126.3, 126.1, 124.7, 121.4, 118.0, 117.6, 113.5, 
70.7, 54.0 
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CHAPTER THREE: 
POROUS ORGANIC POLYMERS (POPS) FOR HETEROGENEOUS ASYMMETRIC 
CATALYSIS 
 
1. Introduction 
 Organocatalysis utilizes small organic molecules composed of C, H, N, S, O and P to 
accelerate organic transformation. The development of organocatalysis has provided an new 
insight in enatioselective synthesis, attributed to its environment and economic implications.[153, 
217-220] To illustrate, Not only milder reaction condition that does not require inert or extremely 
dry solvent condition, but easier modification of the catalyst to facilitate reactivity and selectivity. 
Too add on, the reagents needed is readily available from natural resources, and it does not 
possess the concerns of metal leaching that cause catalyst degradation, which would be a serious 
drawback in the pharmaceutical, or food industries. On the contrary, a disadvantage of the 
organocatalysis method could be the tedious separation process that requires high costs and 
effort. One possible way to overcome this disadvantage, and reap the benefits of organocatalysis, 
could be the heterogenizaiton of organocatalysts.  
As described in the chapter one, porous organic polymers (POPs) are highly crosslinked 
amorphous polymers retaining nano-pores. They have been brought to the attention of modern 
chemists, due to their useful capabilities. For instance, adapting the POPs to the asymmetric 
heterogeneous catalysis may be a good solution that could suggests unsolved tasks to the modern 
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chemists who want to graft growing industrial and pharmaceutical demands for the enantiomeric 
pure compounds. Since POPs are free from a supported platform to immobilize organocatalysis, 
strong interaction between solid supports and catalysis complex that is usually mentioned as a 
main drawback of solid-supported heterogeneous catalyst would be expected to overcome.  
In this chapter, novel heterogeneous asymmetric catalysis will be shown by the 
investigation of heterogenization of BINOL derived phosphoric acid in a self-supported way.  
1.1 Overview of Porous Organic Polymers (POPs) with Metal Catalytic Site for Heterogeneous 
Asymmetric Catalysis 
 Thus far, successfully developed asymmetric catalysis with porous organic polymers was 
predominantly using privileged metals, such as Titanium, as catalytically active sites. However, 
kinds of reactions catalyzed by these POPs are very limited.  
Hong-Bin and his coworkers reported the first optically active BINOL-BINAP copolymer 
catalyst in 2010.[221] As described in Scheme 3.1, multifunctional chiral polymer catalyst was 
prepared and showed up to 94% ee and excellent conversion in tandem asymmetric reactions 
involving diethyl zinc addition and hydrogenation of acetyl benzaldehydes.  
As mentioned in chapter 1, In 2011, Lin et al. also reported one set of BINAP based 
chiral cross-linked polymers for asymmetric catalysis.[147] Alkyne trimerization mediated by 
Co2(CO)8 was performed to obtain chiral organic polymers 69 and 70 (Scheme 1.16),  and after 
the treatment of Ti(OiPr)4 with chiral dihydroxy groups in the polymer, asymmetric diethyl zinc 
addition to series of aldehydes were experimented. Nearly quantitative yields, up to 81% ee and 
at least 10 times recyclability proved that porous organic polymer 69 and 70 could be good 
candidates for the new heterogeneous asymmetric catalyst platform. 
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Scheme 3.1 Optically Active BINOL-BINAP Copolymer Catalyst 
 
From the Wang’s group, TADDOL based porous organic polymer for the asymmetric 
catalysis was reported in 2014,[222] here, they chose bottom-up strategy to construct three 
dimensional covalently linked frameworks. After treating with Ti(OiPr)4, TADDOL-CPP/Ti, 
110, acted as a highly efficient asymmetric catalyst that showed up to 91% ee with excellent 
conversion in to aromatic aldehyde and 77-86 % yields. In addition, without critical decrease of 
reactivity, TADDOL-CPP, 110, showed up to 11 times recyclability. 
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Scheme 3.2 Bottom-up Construction Procedure of TADDOL-CPP/Ti 
 
1.2 Overview of Porous Organic Polymers (POPs) with Organic Catalytic Site for 
Heterogeneous Asymmetric Catalysis 
 The first metal-free POP catalyst[223] was reported by Wang’s group and constructed by 
the bottom-up approach. In their work, bicovalently-bonded Tröger’s base in the polymeric 
networks showed comparable reactivity (56% yield) as the homogeneous Tröger’s base (65% 
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yield) in the addition reaction of diethylzinc to aromatic aldehyde. Not just only for the first 
example as metal-free POP catalyst, this work is also the first example of application-oriented 
bottom-up strategy to construct nanoporous organic polymers. Construction of POPs with this 
strategy allowed denser and homogeneously well-distributed catalytic sites and more accessible 
pores compared to solid supported heterogeneous catalysts.[224-226]  
 
 
Scheme 3.3 The First Metal Free POP Catalyst Constructed by the Bottom-up Approach 
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Blechert’s group reported chiral microporous polymer network for the asymmetric 
heterogeneous organocatalysis in 2011.[227] In their work, BINOL-derived tecton 114 was 
introduced to generate enantioselective metal-free catalyst in the microporous polymer networks, 
and thanks to the oxidative coupling of thiophenes at 3, 3’ positions, porous network formation 
was achieved (Scheme 3.4). Catalytic transfer hydrogenation reaction by using organocatalytic 
site, phosphoric acid, showed enhanced selectivity than homogeneous condition with the 
counterpart 114 from 34% to 56% ee. This positive results were rationalized by the increased 
steric hindrance by polymerization process of 3,3 substituents. 
 
 
Scheme 3.4 Schematic Representation of Polymerization of a Microporous BINOL-derived 
Polymer Framework 
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 A year after, another type of chiral microporous polymer network for the asymmetric 
heterogeneous organocatalysis reported from same research group.[228] Anthracene groups were 
directly introduced to the 3, 3’ position on the enantiomeric pure BINOL for more steric factor, 
and the thiopene groups were kept for the connection of the polymer network formation at 2,5 
positions of the thiophenes (Scheme 3.5). Not only for the asymmetric hydrogenation of 3-
phenyl-2H-1,4-benzoxazine and 2-aryl quinoline, but asymmetric Friedel-Craft acylation of 
pyrrole and aza-ene type of reaction, microporous polymer network 116 was catalyzed reactions 
with excellent yields and selectivities up to 99%.  
 
 
Scheme 3.5 Schematic Representation of a BINOL-derived Chiral Microporous Polymer 
Assembly Strategy 
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2. Results and Discussion 
2.1 Homochiral BINOL-Derived Phosphoric Acid Ligand Design, Synthesis and ocPOPs 
Synthesis for Heterogeneous Asymmetric Catalysis 
 To utilize porous organic polymers as heterogeneous asymmetric catalyst,  
heterogenization of BINOL-derived phosphoric acid was investigated in this dissertation.  
To obtain 120 in scheme 3.6, ligand 117 was designed with the consideration of synthetic 
possibility and commercial availability. Especially Br groups at 4 and 4’ positions on phenyl ring 
were crucial for the polymerization by Yamamoto coupling to get the polymeric network.   
 
 
Scheme 3.6 Synthesis Strategy of Self-supported BINOL-derived Phosphoric Acid ocPOP-1 and 
Schematic Design with Consideration as Heterogeneous Asymmetric Catalyst 
 
To prepare ligand 117, Suzuki coupling was performed with (R)-3, 3', 6, 6’-tetraiodo-2, 
2'-Bis(methoxymethoxy-1, 1'-binaphthyl) and para-bromophenylboronic acid. Reaction was 
monitored carefully by TLC to prevent homocoupling reaction with Br groups. After preparing 
ligand group 117, this ligand was polymerized by Ni-catalyzed Yamamoto coupling. Following 
deprotection with HCl in dichloromethane and methanol solvent mixture, phosphorylation was 
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performed to introuduce organocatalytic site in the polymer. Prepared organocatalytic porous 
organic polymers (ocPOPs) were reacidified by stirring the polymer with HCl solution to 
activate catalytic site, -POOH. Homogeneous compound 117 was characterized by using 1H 
NMR, 13C NMR and MALDI.  By the heterogeneous nature of compounds 118-120, these 
compounds are characterized by FT-IR for the functional group changes and 13C CP/MAS NMR 
for the confirmation of covalent bonding in ocPOPs. After Monomers were characterized by 
solution 1H and 13C NMR, and comparison of monomers with polymer 118-120 in the 13C 
CP/MAS NMR showed same peak patterns with 1-2 ppm chemical shift differences. FT-IR 
showed clear transformation of functional groups of each compounds.  
  
 
Scheme 3.7 Synthesis Procedure of ocPOP-1 
 
 ocPOP-1 120 was simulated by the Material Studio software, and, from the view of a and 
c axis, catalytic site –POOH was pointed to the channel side to facilitate the catalytic reactions. 
Also channels are nanoscopic from the shortest 1.6 nm to the longest 2.8 nm. Based all this 
information, ocPOP-1 was synthesized successfully and investigated for the asymmetric 
catalytic reactions to confirm whether ocPOP-1 could be utilized as heterogeneous asymmetric 
catalyst. 
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Scheme 3.8 Simulated Structure of ocPOP-1 
 
2.2 Asymmetric Catalytic Reactions using BINOL-Derived Phosphoric Acid ocPOP-1  
 Enantioselective catalytic reactions explored with ocPOP-1 were known reactions that 
had reported its efficiency with BINOL-derived phosphoric acid bearing 3, 3’ phenyl substituent. 
Transfer hydrogenation reaction that described in chapter 2 was tried first (Table 3.1). ocPOP-1 
showed excellent reactivity to obtain the product 79, but the enantiomeric excess was close to the 
racemic value.  
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Table 3.1 Transfer Hydrogenation Reaction with Hantzsch Ester Reducing Agent Using ocPOP-
1 
 
Entry Catalyst Yield (%) ee (%) 
1 No catalyst No rxn - 
2 monomer > 90 racemic 
3 ocPOP-1 > 90 3 
 
 The change of the reducing agent to benzothiazoline that is known as a efficient reducing 
reagent by Akiyama’s previous works[229-231] also used for transfer hydrogenation reaction (Table 
3.2). At the lower temperature -30 oC with ocPOP-1, ee value was enhanced up to 21 %, but it 
demonstrated that ocPOP-1 was not efficient enough to catalyze this reaction system when it 
comes to enantioselective catalyst. 
Next catalytic reaction chosen was three components povarov reaction that was catalyzed 
by chiral phosphoric acid derived from octahydro-(R)-BINOL with para chloro phenyl rings at 3, 
3’ positions. Masson’s group reported that by using enecarbamates as dienophile, substituted 4-
aminotetrahydroquinolines were obtained up to 98 % ee.[232] In the same reaction condition, 
ocPOP-1 did not catalyze the same reaction, and could be rationalized by three components’ 
accessibility to the catalytic site (Scheme 3.9). 
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Table 3.2 Transfer Hydrogenation Reaction with Benzothiazoline Reducing Agent Using 
ocPOP-1 
 
Entry Catalyst Yield (%) Temperature (oC) Solvent ee (%) 
1 No catalyst 53 RT CHCl3 Racemic 
2 Monomer 96 RT CHCl3 7 
3 Monomer 92 RT Toluene Racemic 
4 ocPOP-1 90 RT Toluene Racemic 
5 Monomer 95 -30 CHCl3 8 
6 ocPOP-1 95 -30 CHCl3 21 
 
After that, asymmetric direct aza hetero Diels-Alder reaction reported by Gong’s 
group[233] was explored using ocPOP-1. In their work, reaction of cyclohexenone with N-PMP-
benzaldimine catalyzed by chiral phosphoric acid derived from octahydro-(R)-BINOL with para 
chloro phenyl rings at 3, 3’ positions showed up to 88% ee and good endo/exo selectivity up to 
84/16. Unfortunately, same reaction with ocPOP-1 showed 21 % ee and 68/32 endo/exo 
selectivity.  
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Scheme 3.9 Synthesis of 2,4-Disubstituted 1,2,3,4 Tetrahydroquinolines by Catalytic 
Enantioselective Povarov Three Component Reactions 
 
 
 
Scheme 3.10 Catalytic Enantioselective Aza-hetero Diels-Alder Reaction 
 
Lower selectivity obtained from the reactions in scheme 3.9 and 3.10 could be explained 
by structural differences of the octahydro BINOL ring or heterogeneous reaction condition, so 
next reaction chosen was involving more similar catalyst structure with ocPOP-1 (Scheme 3.11). 
Aza-ene type reactions of glyoxylate with enecarbamate reported by Terada’s group[181] showed 
excellent enantioselectivity with BINOL-derived phosphoric acid bearing phenyl substituents at 
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3,3’ positions. With the monomer of ocPOP-1 that has same phenyl substituent groups at 3, 3’, 
6, 6’ positions, enantiomeric selectivity dropped significantly to 33% ee from 95% ee. This 
monomer catalyzed the reaction in homogeneous condition, we figured out catalytic environment 
had changed by introducing extra phenyl groups at 6 and 6’ positions, and in further 
investigation with ocPOP-1, selectivity was even more dropped than using monomer catalyst. 
And this could be explained by the heterogeneous reaction condition and chiral environment 
changes. 
 
 
Scheme 3.11 Aza-ene Type Reaction of Glyoxylate with Encarbamate Catalyzed by BINOL-
derived Phosphoric Acid 
 
 Next reaction chosen was the work in Akiyama’s group reported in 2009. They reported 
enatioselective transfer hydrogenation of ketimines with bezothiazoline reducing agent.[229] In 
their work, ketamine 137 was obtained with 67% yield and 79% ee with phenyl substituted 
BINOL phosphoric acid mediated reaction, and when they changed the reducing reagent to 2-
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naphthly benzotiazoline from phenyl benzothiazoline 121 with the same reaction condition but 
using TRIP catalyst, enantioselectivity was also enhanced to 97% ee from 92% ee.  
 
 
 
Scheme 3.12 Enantioselective Transfer Hydrogenation of Ketimine 
 
 Inspired by their work, ocPOP-1 was also used for the same reaction (Table 3.3) and 
compared with homogeneous catalysis with 3, 3’ phenyl substituted one and 3, 3’, 6, 6’ phenyl 
substituted one. Catalytic reaction with 134 showed excellent enantioselectivity to obtain 
ketamine 135. And at the same homogeneous condition, catalytic reaction with 135 showed 
slightly decreased selectivity, and when ocPOP-1 was used for the same reaction, it showed 
significantly dropped ee value than homogeneous reaction results. Using sterically bulkier 
reducing agent, 2-naphthyl benzothiazoline, was more efficient in the given reaction condition 
than para-nitrophenybenzothiazoline reducing agent. However bigger ring group, anthracene, 
bearing benzothiazoline did not enhance the selectivity and it brought no reactivity.  
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Table 3.3 Enantioselective Transfer Hydrogenation of Ketimine Catalyzed by ocPOP-1 and Its 
Counterparts with Different Types of Reducing Agents 
 
 
Entry Cat. Reducing agent Yield (%) ee (%) 
1 ocPOP-1 p-NO2 88 37 
2 135 p-NO2 84 75 
3 134 p-NO2 92 84 
4 ocPOP-1 2-naphtyl 96 48 
5 135 2-naphtyl 80 89 
6 134 2-naphtyl 88 97 
7 ocPOP-1 9-anthryl No rxn No rxn 
 
 Based on results in Table 3.3, reducing agent bearing sterically more hindered group was 
more efficient for the heterogeneous asymmetric catalysis in the given transfer hydrogenation 
reaction, but with the too bulky reducing agent was not effective due to the accessibility issue to 
the catalytic site. To understand the change of chiral environments of the catalyst, dihedral angle 
and angle SCS’ were measured after the energy minimization using Avogadro (Table 3.4).  
Under most of force field, dihedral angles and angel SCS’ value does not show big differences, 
N PMP
S
H
N
NO2
HN PMP2 mol % cat.
mesitylene
50 oC
138                                     139                                                               139
O
O P
O
OH
135 : R1 = R2 = Ph
134 : R1 = H, R2 = Ph
R2
R2
R1
R1
cat.
 117 
but under UFF force field, it showed bigger difference. Subtle change of angle values might 
affect to the selectivity drastically and it is shown in the Table 3.3. Due to amorphous nature of 
ocPOP-1, angle values for ocPOP-1 was not available for the comparison, but based on the ee 
values obtained from the experiments, it could be told there must be certain angle changes in the 
chiral environment during the polymerization.  
 
Table 3.4 Dihedral Angles and Angle SCS' of Homogeneous Counterparts of ocPOP-1 
 
 
 
 
 
 
Force field Dihedral Angle Angle SCS’ Dihedral Angle Angle SCS’ 
GAFF 61.23 107.53 61.66 107.47 
Ghemical 64.08 97.26 64.25 97.13 
MMFF94s 65.13 103.86 65.34 103.82 
UFF 61.02 108.99 60.55 111.74 
  
3. Conclusions / Research Summary 
 Self-supported heterogenization by polymerization of chiral BINOL-phosphoric acid was 
achieved and by using catalytically active chiral ocPOP-1 having nanoscopic channels, 
enantioselectivity was obtained up to 48%.  Extension of substituent groups at 3, 3’ positions 
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was expected to increase the steric hindrance and to influence enatioselectivity positively, but 
lack of spatially well-defined interactions induced by the chiral environment lowered the 
enantiomeric selectivity of the catalytic reaction using ocPOP-1 than its counterpart. In 
conclusion, for the successful heterogenization of known efficient asymmetric catalysts, 
minimization of the chiral environment must be considered when the ligands are designed. 
 To obtain improved enantioselectivity with ocPOPs, chiral environment in the ocPOPs 
channel might need to be modified. ocPOP-1 has hydrophobic property, and when the 
environment is changed to more hydrophilic with introducing polar functional group such as 
hydroxyl or nitro groups on the framework.  
4. Experimental Section 
4.1 General Considerations 
1H-NMR: 1H-NMR spectra were recorded with the devices DRX 250 or 400 Bruker at 
250 MHz and 400 MHz. Varian Inova 400 at 400 MHz also used. The solvents are indicated for 
the respective substances. The chemical shifts are reported as dimensionless δ values in ppm, 
given relative to internal solvent peak. In parentheses, the number of protons determined by 
electronic integration, the signal multiplicity and coupling constants J are in Hz. Multiplicities 
are indicated by s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). 
13C-NMR: 13C-NMR spectra were recorded on Varian Inova 400 at 100 MHz. The 
solvents are indicated for the respective substances. The chemical shifts are reported as 
dimensionless δ values in ppm. 1H and 13C chemical shifts are reported in ppm downfield from 
tetramethylsilane (TMS). 
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Thin layer chromatography (TLC) was performed on Merck TLC plates (silica gel 60 
F254). Flash column chromatography was performed with ICN silica gel (230-400 mesh) or 
Merck silica gel (230-400 mesh). 
High resolution mass spectrometry (HRMS) spectra, Agilent 1100 series was used in the 
ESI-TOF mode with electrospray ionization.   
All catalytic reactions were carried out in flame-dried screw-cap test tubes and run under 
a dry argon atmosphere with magnetic stirring. 
Solvents were distilled prior to use dried. Chloroform was dried over CaCl2. All other 
commercially available materials were used without further purification. 
 Structures for the angle calculation were created with the Avogadro molecular editor.[200]  
4.2 Experimental Procedures 
4.2.1 Procedure for the Preparation of Ligands 117 
3,3',6,6'-tetrakis(4-bromophenyl)-2,2'-bis(methoxymethoxy)-1,1'-binaphthalene  
  
 (R)-3, 3', 6, 6’-Tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl) was prepared[189] 
for the Suzuki coupling reaction with commercially available 4-bromophenylboronic acid to 
synthesize ligand 117. In a flame dried 2-neck round bottomed flask, (R)-3, 3', 6, 6’-Tetraiodo-2, 
2'-Bis(methoxymethoxy-1, 1'-binaphthyl) 1.5g (1.71mmol) and 5 equivalents of 4-
O
O
BrBr
BrBr
O
O
117
 120 
bromophenylboronic acid (1.71g, 8.6 mmol) in THF/H2O (2:1) 45mL were added and degased 
with dry argon for 20 minutes. After adding 40 mole % of Pd(PPh3)4 (0.79 g, 15.8 mmol) and 14 
equivalents of K2CO3 (3.3 g, 23.9 mmol), mixture was heated and stirred at 80 oC and monitored 
by TLC. Reaction mixture was cooled to room temperature and filtered through celite, and 
extracted with dichloromethane. Organic layer was washed with NH4Cl and brine and 
concentrated by rota evaporator. Obtained crude compound was purified by column with hexane 
and ethyl acetate in a gradual manner.(0.47 g, 30%)  
1H NMR  (400 MHz, CDCl3) δ = 8.09 (d, J = 1.6Hz, 1H), 8.01 (s, 1H), 7.52-7.64 (m, 9H), 7.25 
(d, J = 8.4 Hz,1H), 4.44 (m, 2H), 2.44 ppm (s, 3H); 13C NMR (100 MHz, CDCl3) : δ = 151.52, 
137.69, 134.94, 132.32, 131.58, 131.26, 130.82, 128.44, 126.37, 125.66, 121.82, 121.77, 98.78, 
56.08, 31.60, 29.97, 22.67, 14.15. HRMS (ESI) calcd for C48H34Br4O4Na [M+Na]: 1017.40, 
found: 1017.70  
4.2.2 Procedure for the Preparation of Ligands 120 
 
 
  To a solution of 2, 2’-bipyridyl(226 mg, 1.45 mmol), bis(1,5-cyclooctadiene)nickel(0) 
(Ni(COD)2, 400 mg, 1.45 mmol) and 1,5-cyclooctadiene (COD, 0.18 mL, 1.46 mmol) in 
anhydrous DMF/THF (40 mL/ 20 mL) add ligand 117(318.41 mg, 0.32 mol), and the mixture 
120
O
O P
O
OH
 121 
was stirred at room temperature under argon atmosphere overnight. Then the mixture was cool in 
ice bath, and the resulting polymer was filtered and washed with methanol several times, and 
dried under high vacuum.  To a dried polymer 118 and methanol/dichloromethane solvent 
mixture added 12 M HCl, this mixture was refluxed for 3 days for the deprotection of MOM 
protecting group. After cooling the mixture to a room temperature, polymeric suspension was 
filtered and washed with methanol and CH2Cl2 several times and dried under high vacuum. 
Obtained polymer 119 was used for the phosphorylation. Polymer 119 was suspensioned in 
pyridine and cooled to 0 oC to add POCl3. The mixture was stirred at the room temperature for 3 
days and H2O was added under the ice bath for another 3 days, and stirred at the room 
temperature for 3 days. Resulting suspension was acidified with 3M HCl and stirred overnight. 
Filtration was performed to collect polymers, and obtained brown polymer was washed with 
methanol and 3M HCl several times and dried under high vacuum. Characterization was done by 
IR for the functional group change and CP/MAS spectrum comparison with each homogeneous 
counterpart.  
4.2.3 Procedure for the Preparation of counterpart of ocPOP-1, 135 
(4R)-4-hydroxy-2,6,9,14-tetraphenyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide 
 
(R)-3, 3', 6, 6’-Tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl) was prepared[189] 
for the Suzuki coupling reaction with commercially available phenylboronic acid. In a round- 
O
O P
O
OH
135
 122 
bottomed flask, (R)-3, 3', 6, 6’-Tetraiodo-2, 2'-Bis(methoxymethoxy-1, 1'-binaphthyl) and 6 
equivalents of phenylboronic acid in DME/H2O were added and degased with dry argon for 20 
minutes. After adding 20 mole % of Pd(PPh3)4 and 6 equivalents of K2CO3, mixture was heated 
and stirred at 80 oC for overnight. Reaction mixture was cooled to room temperature and filtered 
through celite, and extracted with dichloromethane. Organic layer was washed with NH4Cl and 
brine and concentrated by rotaevaporator. Obtained crude compound was purified by column 
with hexane and ethyl acetate in a gradual manner and deprotection, phosphorylation and 
hydrolysis steps were performed followed by the literature.[201] 
1H NMR  (400 MHz, CDCl3) δ = 8.17 (s, 1H), 8.01 (s, 1H), 7.76 (d, J = 8 Hz, 2H), 7.62 (d, J = 
7.2 Hz, 3H), 7.56 (d, J = 8.4 Hz, 1H), 7.50 (t, 2H), 7.40 (t, 1H), 7.30 (t, 2H), 7.20 (t, 1H). 13C 
NMR (100 MHz, CDCl3) δ = 144.69, 144.59, 140.38, 138.59, 136.71, 134.57, 131.93, 131.64, 
131.14, 129.82, 129.01, 128.28, 127.69, 127.34, 126.31, 126.12, 122.49. 
4.2.4 Procedure for the Preparation of N-(4-methoxyphenyl)-1-phenylethan-1-imine, 138 
Mixture of 0.025 mol p-anisidine, 0.25 mol acetophenone and 10 g of molecular sieves (4 
Å) in 5 mL of diethyl ether was stirred at the room temperature and monitored by TLC. After 
filtration of molecular sieves with washing with diethyl ether, filtrate was evaporated and 
recrystallized with dried ehthanol and obtained as a pale yellow solid (3.6 g, 75 %).  
 123 
4.2.5 General Procedure for the Transfer Hydrogenation of N-(4-methoxyphenyl)-1-phenylethan-
1-imine 
 Corresponding N-PMP ketimine 138 (1 equiv.), benzothiazoline 139 (1.25 equiv.), 
ocPOP-1 (0.02 equiv.) and 1.5 mL dried mesitylene were added in a flame dried screw-cap 
reaction tube and heated at 50 oC under dry argon with magnetic stirring for 3 days, and the 
reaction was quenched by adding 1 mL of water and the reacxtion mixture was extracted by ethyl 
acetate. The organic layer was treated with 5% NaOH solution, and collected organic layer was 
concentrated and purified by flash column chromatography with hexane and ethyl acetate in a 
gradual manner. Obtained N-PMP ketamine was characterized by comparing 1H NMR chemical 
shift with reference values.[234] 
 
N-Benzyl-4-methoxybenzenamine (139)[235] 
 
Compound 139, 1H NMR (400MHz, CDCl3): δ 7.35 (m, 4H), 7.26 (m, 1H), 6.72 (m, 2H), 6.50 
(m, 2H), 4.43 (q, 1H), 3.71 (s, 3H), 1.52 (s, 3H) 13C NMR (100 MHz, CDCl3): δ 151.79, 145.42, 
141.49, 128.54, 126.75, 125.82, 114.68, 114.47, 55.66, 54.17, 25.08 
 
1H NMR (CDCl3, 400 MHz) δ (ppm): 7.79-7.75 (m, 4H), 7.48-7.37 (m, 3H), 6.67-6.64 (m, 2H), 
6.50-6.47 (m, 2H), 4.52 (q, 1H), 3.63 (s, 3H), 1.52 (d, J = 6.7 Hz, 3H); 13C NMR (CDCl3, 100 
MHz) δ (ppm): 152.4, 143.5, 142.1, 134.1, 133.2, 128.9, 128.3, 128.2, 126.5, 126.0, 125.0, 
HN
O
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124.8, 115.3, 115.1, 56.2, 55.0, 25.6  
 
4-Methoxy-N-naphthylbenzenamine (140)[236]  
 
Compound 140, 1H NMR (400MHz, CDCl3): δ 7.78-7.75 (m, 4H), 7.47-7.35 (m, 3H), 6.67-6.62 
(m, 2H), 4.50 (q, 1H), 3.62 (s, 3H), 1.53 (d, 3H); 13C NMR (100 MHz, CDCl3): δ 152.3, 143.1, 
142.1, 134.2, 133.1, 128.7, 128.2, 128.1, 126.3, 126.0, 125.1, 124.7, 115.2, 115.0, 56.2, 55.0, 
25.5 
  
HN
O
 125 
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CHAPTER FOUR: 
Spectra 
 
4.1 1H and 13C Spectra for Compounds in Chapter 2 
Spectra 4.1.1 1H and 13C Spectra for Compound 73, 74 and 75 in Chapter 2 
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Spectra 4.1.2 1H and 13C Spectra for Compounds 76 and 80 in Chapter 2 
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Spectra 4.1.3 1H Spectra for Compounds 92 in Chapter 2 
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Spectra 4.1.4 1H and 13C Spectra for Compound 98 in Chapter 2 
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Spectra 4.1.5 1H and 13C Spectra for Compound 100 in Chapter 2 
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Spectra 4.1.6 1H and 13C Spectra for Compound 101 in Chapter 2 
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Br
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Spectra 4.1.7 1H and 13C Spectra for Compound 102 in Chapter 2 
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Spectra 4.1.8 1H Spectra for Compounds 103, 104 and 105 in Chapter 2 
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4.2 Crystal data in Chapter 2 
Table 4.2.1 Crystal data and structure refinement for ocMOF-5 
 
Identification code              
 
Empirical formula                
                   
Formula weight                   
 
Temperature                      
 
Wavelength                       
 
Crystal system, space group      
 
Unit cell dimensions             
                                 
                                 
 
Volume                           
 
Z, Calculated density            
 
Absorption coefficient           
 
F(000)                           
 
Crystal size                     
 
Theta range for data collection  
 
Completeness to theta =    
 
Goodness-of-fit on F^2           
 
Final R indices [I>2sigma(I)]    
 
R indices (all data)             
 
 
ocMOM-1 
 
C144H72O44P3In6 
 
3287.85 
 
298K 
 
0.41328 
 
R 3 
 
a=31.1023(19)     alpha=90 
b=31.1023(19)     beta=90 
c=45.205(3)       gamma=120 
 
37870(4)  A3 
 
3, 0.433 g cm-3 
 
0.371 mm -1 
 
4881.0 
 
0.08*0.08*0.08 mm 
 
0.68 to 13.43 deg. 
 
94.0% 
 
0.991 
 
R1=0.0458  wR2=0.1120 
 
R1=0.0702  wR2=0.1065 
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Table 4.2.2 Crystal data and structure refinement for ocMOF-6 
Table S2. Crystal data and structure refinement for ocMOF-5 
Identification code              
 
Empirical formula                
                   
Formula weight                   
 
Temperature                      
 
Wavelength                       
 
Crystal system, space group      
 
Unit cell dimensions             
                                 
                                 
 
Volume                           
 
Z, Calculated density            
 
Absorption coefficient           
 
F(000)                           
 
Crystal size                     
 
Theta range for data collection  
 
Completeness to theta =    
 
Goodness-of-fit on F^2           
 
Final R indices [I>2sigma(I)]    
 
R indices (all data)             
 
 
ocMOM-2 
 
C52H20O20P1Cd2 
 
1220.47 
 
230K 
 
1.54178 
 
P 212121 
 
a=17.4396(10)     alpha=90 
b=22.4040(15)     beta=90 
c=22.4040(15)     gamma=90 
 
11437.4(12)  A3 
 
4, 0.709 g cm-3 
 
3.415 mm -1 
 
4881.0 
 
0.1*0.1*0.1 mm 
 
3.16 to 64.37 deg. 
 
99.9% 
 
0.934 
 
R1=0.0314  wR2=0.0691 
 
R1=0.0364   wR2=0.0707 
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Figure 4.2.1. Comparison of experimental and calculated powder x-ray diffraction patterns of 
ocMOF-5 
 
 
Figure 4.2.2. FT-IR of ocMOF-5 (Nicolet Avatar 320 FTIR, solid state) 
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Figure 4.2.3. Thermogravimetric analysis of ocMOF-5  
 
 
Figure 4.2.4. Comparison of experimental and calculated powder x-ray diffraction patterns of 
ocMOF-6 
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Figure 4.2.5. FT-IR of ocMOF-6 (Nicolet Avatar 320 FTIR, solid state). 
 
 
 
Figure 4.2.6. Thermogravimetric analysis of ocMOF-6 
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Figure 4.2.7. Comparison of experimental XPRD pattern of ocMOF-5 before and after catalytic 
reaction.  
 
 
Figure 4.2.8. N2  adsorption isotherm of ocMOF-5 at 77K 
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Figure 4.2.9. CO2 adsorption isotherm of ocMOF-6 at 273K 
 
 
 
Figure 4.2.10. The pore size distribution of ocMOF-5 
 
 
 163 
Table 4.2.3 Crystal data and structure refinement for ocMOF-8 
Identification code ocMOM-8  
Empirical formula C104H56InO12P  
Formula weight 1643.27  
Temperature/K 100.0  
Crystal system Orthorhombic  
Space group P222  
a/Å 9.1535(4)  
b/Å 16.5666(9)  
c/Å 20.9927(9)  
α/° 90  
β/° 90  
γ/° 90  
Volume/Å3 3183.4(3)  
Z 1  
ρcalcg/cm3 
0.857 
 
µ/mm-1 1.945  
F(000) 840.0  
Crystal size/mm3 0.15 × 0.12 × 0.09  
Radiation CuKα (λ = 1.54178)  
2Θ range for data collection/° 5.334 to 133.488  
Index ranges -10 ≤ h ≤ 10, -19 ≤ k ≤ 19, -24 ≤ l ≤ 25  
Reflections collected 21054 
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Table 4.2.3 Crystal data and structure refinement for ocMOF-8 (Continued) 
 
Independent reflections 5486 [Rint = 0.0877, Rsigma = 0.0725]  
Data/restraints/parameters 5486/577/409  
Goodness-of-fit on F2 1.223  
Final R indexes [I>=2σ (I)] R1 = 0.1126, wR2 = 0.2988  
Final R indexes [all data] R1 = 0.1330, wR2 = 0.3206  
Largest diff. peak/hole / e Å-3 1.38/-0.85  
Flack parameter 0.250(9) 
 
 
 
 
Figure 4.2.11. CO2 isotherm of ocMOF-8 at 195K 
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Figure 4.1.12. CO2 and CH4 adsorption isotherms of ocMOF-8 at 273 K and 298 K 
 
 
 
Figure  4.2.13. Isosteric heats of adsorption of ocMOF-8 for CO2 
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Figure  4.2.14. Pore Size Distribution Plot of ocMOF-8  
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4.3 Chiral HPLC Analysis in Chapter 2 
Spectra 4.3.1 Chiral HPLC Analysis of Different Entries in Table 2.2 (81a) 
O
H
N
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Spectra 4.3.2 Chiral HPLC Analysis of Different Entries in Table 2.2 (82a) 
O
H
N
Br
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Spectra 4.3.3 Chiral HPLC Analysis of Different Entries in Table 2.2 (84a) 
O
H
N
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Spectra 4.3.4 Chiral HPLC Analysis of Different Entries in Table 2.2 (83a) 
O
H
NBr
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Spectra 4.3.5 Chiral HPLC Analysis of Different Entries in Table 2.2 (85a) 
O
H
NBr
Br
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Spectra 4.3.6 Chiral HPLC Analysis of Different Entries in Table 2.2 (86a) 
O
H
NBr
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4.4 1H and 13C Spectra for Compounds in Chapter 3 
Spectra 4.4.1 1H and 13C Spectra for Compound 117 
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Spectra 4.4.2 CP/MAS Spectra of Compound 118 and Monomer of 118 
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Spectra 4.4.3 CP/MAS Spectra of Compound 119 and Monomer of 119 
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Spectra 4.4.4 CP/MAS Spectra of Compound 120 and Monomer of 120 
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Spectra 4.4.5 CP/MAS Spectra of Compound 120 and Monomer of 120 (31P) 
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Spectra 4.4.6 1H and 13C Spectra for Compound 135 
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Spectra 4.4.7 IR Spectra of Compounds 118, 119 and 120 
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